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This report presents the results of a series of analyses performed from

January 1963 to June 1964 which have been conducted to enable selection of

a functional configuration (Figure i-i) for the attitude control portion of

the LEM Flight Control System. These analyses are concerned primarily with

the stability and response of the vehicle in the automatic control modes and

with the compatibility between the automatic and manual modes.

The attitude control system accepts attitude and thrust vector commands from

the Navigation and Guidance System (primary or abort) and manual commands

from the astronaut. Control torques are generated by a combination of 16

reaction jets and a gimballed rocket engine for the descent stage, but only

by the 16 reaction jets (fixed ascent rocket engine) for the ascent stage.

Figure i-i presents schematically the LEM attitude control system, its opera-

ting modes and logic inputs. Table i-i summarizes the values recommended for

the attitude control system parameters. These parameter values were

determined from the various analyses performed to determine the attitude

control system configuration. Based upon these control system parameters_the

RCS propellant requirements for attitude control for a typical LEM mission

were estimated. These propellant requirements are tabulated in Table 1-2.

Non-linear pulse ratio modulators have been selected to generate the rotation

torque thrust commands to be delivered to the reaction jets. These modulators

were selected because they yield satisfactory attitude control for normal

limit cycle, disturbed limit cycle and large transient response operation

while minimizing the number of thruster operations. The non-linear PRM assure_

convergence to a minimum impulse limit cycle (coasting periods) in the pre

of vehicle inertia variation, jet time delays and control system lags. It

provides excellent propellant economy and jet pulsing frequency control for

moment unbalance operation (thrusting periods) by virtue of the long pulse

widths generated_and requires the minimum number of changes of control system

parameters during the LEM mission. Also, a single deadband on the total error

in each axis (ep, eO and e_) rather than two deadzones (one on the total error

and one on the attitude error (_b, @b and_))was selected to avoid

limit cycles.

A descent rocket engine gimbal servo was selected which is a constant speed,

irreversible drive, non-linear phase lead stabilized open loop actuator.

This low response trim system was selected because of the inherent simplicity

and reliability advantages of the constant speed actuators over proportional

actuators, of irreversible drive over reversible drive, and of open loop

actuator control over closed loop actuator control. Maneuvering control is

provided by the reaction jets.

For ascent thrust vector control, it was concluded that the reaction jets

alone will provide adequate maneuver and trim control for the expected levels

of disturbance torques.

To meet the requirements of the Abort Guidance System (AGS) with the TI

compensation law, it was found that the attitude offset error due to control

system response to moments generated by the vehicle c.g. offset when thrusting

with the ascent engine must be removed. Addition of integral compensation

v
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on the attitude error signal will remove the offset, thereby, satisfying T I

compensation requirements. It was shown that satisfactory control stability

could be attained with proper choice of the integral gain. However, it was

also determined that integral compensation shou2d not be used during coasting

periods in order to avoid deterioration of the coasting limit cycles.

Integral compensation will provide control of attitude offset errors during

ascent engine burn times, but the TI compensation law also requires control
of the total thrust vector aligmment error. The thrust vector must be con-

trolled because thrust vector misalignment with respect to the inertial

reference axes will introduce position and velocity errors into the abort

guidance law. A pendulous accelerometer was selected to provide the necessary

information to control the thrust vector with respect to the reference axes.

To select accelerometer parameters, which will insure control system stability,

a stability analysis was performed on the resultant control system. It was

found that parameters for the accelerometer could be specified which will

provide both satisfactory alignment response and control system stability.

The use of quantized attitude information in place of continuous attitude

information was studied as part of a strap-down guidance feasibility study.

This study showed that for the range of vehicle moments of inertia considered

it is possible to use quantization levels of at least 0.03 degree without a

great penalty in coasting limit cycle propellant consumption, provided that

continuous rate information is used. It was also verified that satisfactory

transient response is obtained when the attitude feedback is quantized.

Analyses were performed to determine control system stability in the presence

of an elastic airframe and propellant sloshing. The analyses verified that

LEM control system is stable for the vehicle and tank configurations con-

sidered. It was also concluded that anti-slosh baffles are necessary in

both ascent and descent tanks to improve transient response damping.

It should be noted that all data presented in this report was generated prior

to June 1964.

IIIII III I II
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TABLE i - i

Control System Parameters

(i June 1964)

PARAMETER

K R

PL

qL

r L

D

d

T

UO n

tlJf

_f

tonmin

eI

a

_ DI

DESCENT

Nominal Value

1.5

5

i0

5

0.i or 5.0

0.2

0.i

125

113

0.7

0.8

O.i

i0 x 10 -3

0.5

0.00

o .09

Toler-

ance

+_

+lo_

w_

+20_

+-2of_
+
-0.1

+
- .01

+ .oz

ASCENT

Nominal Value

0.4

5

iO

5

0.I or 5.0

125

113

0.7

0.8

0.i

i0 x i0 -3

o.5

_w

Toler-

ance

+__

ts_

tzo¢

+-zo_

t2o_

+2o¢

+0.1

UNITS

REPORTLED- 500-31_OAT_ 30 Sept.
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secl

deg/sec

deg/sec

deg/see

degrees

deg/sec

sec

tad/see

rad/se c

deg

deg

deg

v
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TABLE 1-2

Summary of RCS Propellant Requirements**

k_w

O

O_
%.

N

!

Mission Phase

DESCENT

Separation

Orientation and

Insertion Prep.

Coast to Peri-

cynthion

Automatic

Powered

ASCENT

Powered

Contingency Stay

Coa st

Rende zvous

Limit Cycle

Time Dead Zone

sec)

78

792

360O

710

430

(deg)

.i

.I

5.0

.i

.i

.i

5.0

Propellant

2.0

.2

(ibs)

.2

39.2

172.7*

15.9

3.0

6OO

5.0

.i
.5

54OO

847

6OO 15.9

Maneuvers

Propellant

(Ibs)

170# of the 172.7# provides a useful AV = 226 ft/sec, which is equi-

valent to 128# of ascent main tank propellant.

** Manual landing and docking propellant requirements are not included.

5.6 (2)

22.7 (8)

8.1 (3)

8.1 (2)

2.3 (2)

6.8 (2o)

1.9 (9)

*** Number of maneuvers assumed is shown in parentheses.
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2 .i PURPOSE OF REPORT

This report presents the results of a series of analyses performed from

January 1963 to June 1964 which have been conducted to enable selection of a

functional configuration for the attitude control portion of the LEM Flight

Control System. These analyses are concerned primarily with the stability

and response of the vehicle in the automatic control modes and with the

compatibility between the automatic and manual modes) and apply to lunar

landing mission.

2.2 CONTROL SYSTEM CONFIGURATION

The attitude control system accepts attitude and thrust vector commands from

the Navigation and Guidance System (primary or abort), manual commands from

the astronaut and provides the required vehicle control response and stability

The LEM attitude is maintained by the control torque produced from sixteen

reaction jets located on the LEM as shown in Figure 2-1. The attitude control

system generates thrust commands for the reaction jets based upon control

error signals, directs each command to the proper jets, and thereby maintains

attitude control. The jet commands are generated and directed by the control

logic which consists of error dependent pulse modulators and a jet select

logic. For some of the manual modes of control, the astronaut replaces the

modulator and separate jet select logic is made an integral part of the

rotational control stick. During powered descent attitude is maintained in

the pitch and roll axes by the descent engine gimbal trim system.

The attitude control system is functionally depicted by the block diagram in

Figure I-i.* References i, 2, 3 and 4 accurately define the Flight Control

System in terms of the overall functional diagram (i)** and the component

specifications (2, 3, 4).

The block diagram in Figure i-i presents schematically the LEM attitude con-

trol system and its operating modes and logic inputs. The operating modes

are :

A - Rotational Operating Modes (These modes may be selected independently

for each axis)

i - Normal (closed loop)

a) Automatic control mode

b) Rate command with attitude hold control mode

c) Rate command control mode

Note: For either a, b or c, all axes are selected simultaneously.
b and c are manual modes.

2 - Pulse Mode (open loop) - manual mode which generates a fixed

train of reaction jet thrust pulses. All jets are selected

by jet select logic.

* See section i for list of symbols

** Numbers in parentheses correspond to reference numbers in Bibliography

(Section 8).

I " I
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3 - Direct (open loop) - manual mode which bypasses jet select

logic; ioe°, the control stick is hard wired to PT jet

emergency coils and is gated by a jet select logic which _s

an integral part of the control stick°

4 - Direct Override - four jet direct rotation is obtained by

full deflection of control stick° This control mode overrides

normal, pulse and direct modes.

B - Trans!a±ional Operating Modes - all translation signals pass thru

jet select logic.

i - Automatic

2 - Manual- a combination pulse and on-off; _.e.j a fixed pulse

train is generated for a given range of stick rotation while

on-off control is generated for all larger rotations.

AI_ operating modes are selected manually by the astronaut. The rotational

operating mode select switches ($2, $3, and $4) select independently for all

three axes the normal, pulse and direct modes. The normal control modes_

automatic_ rate command attitude hold and rate command, are manually selected

simultaneously for all three axes by the attitude mode control switch (SI)o

Manual translation commands are selected simultaneously for all axe_ by the

automatic-manual translation switch (SI). The pitch and roll rotation an_

the X axis translation response level _ or 4 je_ ar_ manually and individually

selected by the astronaut while the deadband (large or small) is selected

manually by $6 for all three axes simultaneously. The small value of de_dban_

is also automatically selected (not shown) for all three axes whenever the

ascent or descent engines are thrusting.

When the control system is put in the automatic (ncrmal) rotational ccntrcl

mode (Figure l_, attitude errors are generated by the Navigation and Guidance

System (prime or abort) steering e@_ations; that is the g_idance

steering equations must form the error vector

e c

in its own coordinate system between vehicle attitude and desired attit_deo

In order for the control system to properly respond to this g__idance s_eering

error,(_ ), a transformation matrix is required to transform _ from g_idance

coordinates into body axes, autopilot commands; i.e. e

I°b]= % : [MS] (2-
*b

REPORTL_D- i'
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This transformation is accomplished by the CDU and LGC on LEN.

the total control error becomes

ep = @b + Pe KR

Therefore

eQ -- @b + qe KR (2 - 3)

eR = _b + re KR

In the rate command attitude hold (normal) mode,_ e is maintained at zero by

the Navigation and Guidance System when the control stick is out of detent;

, @ and _ are zero equationsi.e. _b b b in 2-3. This rapid follo_up permits
the control error for each axis to be dependent solely on the rate commands

and the vehicle body rates. Therefore_ equations 2-3 become

ep = KR(pc- pl

eQ = KR(qc - q) (2 - 4)

e R = KR(r c - r)

However_ equations 2-3 still hold when the control stick is in detent. For the

rate command mode equations 2-4 will hold since _b , @b, and @b are disabled
(Figure i-i).

The logic equations which state the conditions which cause each of the 16

reaction jets to fire in response to error signals in the flight control

system are discussed in detail in section 4. In a normal mode, the logic

provides optimum control torques and translation forces in response to any

combination of simultaneous rotation and translation commands. The input

to the logic equations is comprised of pitch, yaw and roll rotation command

signals; X, Y and Z translation commands; an astronaut executed 2 or 4 jet

X-axis translation force level selection; astronaut selected 2 or 4 jet pitch

and roll rotation torque levels_ and astronaut activated jet failure logic

switches. The jet failure logic switches accomplish the dual function of

"RCS fuel and oxidizer isolation" and failure logic command. These switches

will automatically change the control logic to take advantage of the remaining

jets for any combination of simultaneous rotation and translation commands.

The rotation torque thrust commands consist of a train of constant amplitude

pulses of varying width and frequency of occurrence_ which are produced by

non-linear pulse ratio modulators. In the direct modes of control system

operation the pulse ratio modulator is replaced by a direct on-off signal.

During control system automatic attitude hold operation, the system will limit

cycle and the modulators will produce a typical electrical pulse of i0 ms.

GIIUMMAN AIIICIIAF1 ENGINEERING COIIPORATION
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(i0 ms pulse will generate the reaction jet minimum impulse).

The descent engine gimbal trim system (GTS) is required for thrust vector

control during powered descent because the unbalance torques that can be

generated by a fixed descent engine exceeds the torque capability of the

RCS. However_ the GTS will align the descent engine thrust vector so that it

will pass near the vehicle CG and _hereby reduce the unbalance torque. The

GTS is implemented as sho_m in control system block diagram (Figure i-i)_ and

it is enabled only during powered descent phases of the LEM mission. The

GTS stabilization network shown in Figure i-i is mechanized as shown below.

oe_tlon 5.A @etaJled disct_ssien of _h,_ (-._'Sis given in _ _ "

S._ S .+ S

Schmitt

Trigger

(1)

Schmitt
Trigger

(2)

Schmitt

:_ Trigger

(3)

Nor Gate

F-"-,,

•ofo; .<

+V}o_- _w<- b I L/ And (]ate

0 #0r _,m-D I

Gimbal

Engine
Actuator

Signals

GTS Stabilization Network Mechanization
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2.3 SCOPE

This report has been written in a manner such that each section can be read

without having to read any previous section, thereby permitting the reader

to read only the section that is of particular interest to him. A summary

of material covered in each section is given below.

Sections 3 and 4 contain the reaction jet control system analyses. In section

3, the selection of a pulse modulator_ the vehicle attitude control propellant

requirements and the control system deadzone analysis are considered while

various reaction jet select logic schemes are presented in section 4. Section

5 presents various methods of thrust vector control for powered phases of

the LEM mission. The descent engine gimbal trim system is discussed in great

detail in this section.

The attitude control system stability in the presence of guidance feedback is

considered in section 6 while section 7 presents the effects of propellant

sloshing and elastic airframe on control system stability.

V
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SECTION 3

REACTION JET CONTROL SYSTEM ANALYSIS
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Symbol

A

D

e

F

f

h

I

Isp

IT
K

Ke

L

M
C

M
U

PFM
PRM

PWM

t
on

toff

T
P

T
w

X _,

o_8

c_
C

e

e
C

coast
e
.osc p-p

e

17

SY_fl3OLS USED IN SECTION 3

Definition

induced rate modulator output level

duty factor

modulator input signal

thrust per reaction jet

modulator pulse repetition frequency

hysteresis

vehicle moment of inertia

specific impulse

reaction jet total impulse

induced rate modulator feedback gain

attitude feedback gain

rate feedback gain

reaction jet moment arm

control moment

unbalance moment

Pulse Frequency Modulator

Pulse Ratio Modulator

Pulse Width Modulator

electrical pulse width

electrical off time

time tO next pulse

thrust on time

normalized error signal

vehicle acceleration

vehicle control acceleration

vehicle unbalance acceleration

rate gyro damping ratio

vehicle attitude

attitude command

average vehicle attitude

angle vehicle coastsin normal limit cycle

peak to peak attitude excursion

vehicle body rate

I I L'I I II

_A,_ 30 Sept.

Units

rad.

ibs.

pulses/sec

rad.
slug-ft 2

sec.

lb. -sec.

rad./sec.

sec.

ft.

ft.-ibs.

ft.-ibs.

sec.

sec.

sec,

see.

rad/see_

rad/sec_

rad/sec 2

rad.

rad.

rad.

rad.

rad.

rad/sec

• In I
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eosc p-p

_'p

Ton

"/'off

T_
_T

_'i

i,iA |iPI AP| lq'l ILl

' 111 I/ I. =.

PAGE 18

SYMBOLS USED IN SECTION 3 (Continued)

Definition

normal limit cycle coasting rate (residual rate)

rate gyro bias

rate command

rate gyro deadzone

rate limit

peak to peak rate oscillation

PRM nonlinearity factor

modulator integrating time for first pulse

thrust "on delay"

thrust "off delay"

rate gyro delay

induced rate modulator feedback time constant

deadzone on total vehicle error

deadzone on attitude error

propellant

propellant flow rate

rate gyro natural frequency

Units

rad/sec

rad/sec

rad/sec

rad/sec

rad/sec

rad/sec

sec.

secº

sec.

sec.

sec.

rad.

rad.

Ibs.

lbs/sec

rad/sec

_EPOR,LED-50013
DATE 30 Sept. 1964

O.UMMAN A,.C.A_. ENG,NEE.ING ¢O.,O_AT,ON



P,o_ 19

o

M

!

I

3.1 Introduction

LEM attitude control is maintained by the control torque produced from six-

teen one-hundred pound reaction jets located on LEM as shown in Figure 2-1.

Four reaction jets will be available for rotation about each axis provided

the astronaut activates the appropriate 2-4 jet switches. However, two jet

control will be considered normal for all rotations in the analyses. Error

dependent modulators, which will yield the desired attitude and attitude

rates throughout the LEM mission, are required to control the jets in con-

junction with an appropriate jet select logic.

To insure that the best modulator or combination of modulators is selected

to control LEM attitude for disturbed limit cycle operation, normal limit

cycle operation and rotational maneuvers, it was necessary to study many

types of modulators. Each modulator was studied with respect to the follow-

ing:

a)

b)

Normal (undisturbed) limit cycle rates, attitude excursions, and

propellant flow rate. Also considered was the value of rate gyro

deadzone which can be tolerated without deteriorating the limit

cycle.

Moment unbalance (disturbed) limit cycle peak to peak (P-P) rate

changes, P-P attitude changes, average attitude offset and pro-

pellant requirements.

c) Transient response to large rate and attitude commands.

Both analytical and simulation results of the modulators studied will be

presented in the following sections.

Aside from the modulator study the control system attitude deadband con-

straints and mission propellant requirements were also considered. A rigid

body, single axis rotation, with all cross-coupling terms neglected was

assumed for the LEM for the purposes of studying the above and evaluating

the various modulators to be considered. Also, the effects of the rate gyro

dynamics, reaction jet thrust "on" and "off" delays, reaction jet specific

impulse variation and vehicle moment of inertia variations on limit cycle

operation are considered.

The reaction jet select logic techniques are discussed in detail in sec-
tion 4.

3.2 Propellant Flow Rate

3.2.1 Introduction It is a prime consideration from a weight point of view

to minimize reaction jet propellant flow rates for normal limit cycle,

I I I I m II II I
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disturbed limit cycle and maneuvers. In this section the relations for pro-

pellant flow rate for the above and the criteria for minimizing propellant
flow rate are determined.

3.2.2 Normal Limit Cycle Propellant Flow Rate

Propellant flow rate for normal limit cycle (2 jets) is given by (5)

2F
.... D

I
sp

where _ - propellant flow rate -ibs/sec

F - thrust per reaction jet -ibs

i - specific impulse -sec

D sp - duty factor

Duty factor (D) is defined as the ratio of electrical pulse width and the sum

of electrical pulse width (ton) and electrical off-time (toff).

Isp variation as a function of electrical pulse width is shown in Figure 3-1.

Assuming a symmetrical limit cycle as shown in Figure 3-2 we have
t

D = on
t +
on toff

(3-2)

where tof f = (tI - to) ÷ (t4 - t3)

e2 = O.- (K R- _n ) A_2

(3-3)

t I - to = 2 (_l + @2) / A e (3-6)

where

t 4 - t 3 -- Tof f ; t2 - tl = Ton

A@ = 2 on dt = 2 -T

>'(t)
L
I

I T

%n
_ff

- reaction jet thrust as a function of time

- reaction jeT, moment arm

- vehicle moment of inertia

- reaction jet total impulse

- jet on delay

jet off delay

Substituting (3-2) thru (3-8) into (3-1) we get

2 F F -2 ton IT L KR_I

-ibs.

"ft.

-slug-ft 2

-ib.sec.

(3-9)
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• 2F E on A @ _ (3'10)
or _- Isp _ _ _ _ _ (t'on_ %ff * %n - a_)

Isp and IT versus electrical pulse width are plotted in Figures 3-1 and 3-3a

respectively.

From equation (3-9) it can be seen that if t is minimized limit cycle pro-
on

pellant flow rate will be minimized; i.e., a minimum total impulse limit

cycle yields the minimum propellant usage limit cycle (See Figure 3-3b).

3.2.3 Disturbed Limit Cycle Propellant Flow Rate - Propellant flow rate for

limit cycle in the presence of a large disturbance is obtained from Figure 3-4

and is given by the following (Ton_Tpff) M

sp IMol (3-11)

where M - moment unbalance-ft-lbs
u

M - control moment -ft-!bs
C

Equation (3-11) is obtained by substituting
t

on
D=

+tton off

into equation (3-1) where

t I (g@) + T

on = -_iMc- M1 on - Toff

t°ff: i%l +%ff-

(3-12)

(3-13)

where Ton and Toff are defined in Figure 3-4.

equation (3-5) can be written as follows:

However_ since Toff_Ton,

(3-11a)

From equation (3-11), it can be seen that propellant flow rate can be mini-

mized only by maximizing I . I can be maximized by making t as large
SPcann_ .... nas possible. However, t be arbltrarlly mncreased sln_e its value

on
(i.e. (A@)) must be consmstent with modulator switch lines as will be dis-

cussed in a following section.

3.2.4 PropelSant Required for Large Maneuvers - Propellant required to com-

plete each large maneuver is

n t,

I

j=l spj

REPOR, LED- 500 -3 _____
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where t.j: Ton] (3-15)

_)j _ thand (% is j vehicle rate change -tad/see

,=

6 - vehicle angular acceleration -rad/sec

th
t - J electrical on time -sec.
J

eB

is determined by vehicle inertias and is not controlltb!e. Therefore, to

minimize propellant. _c°nsumed by rotational maneuvers A _ must be limited to

a small value ( _RL ) consistent with allowable time for completion of man-
euvers.

3.2.5 Summary - From the preceding_ it is evident that to minimize propell-

ant requirements for the LEM mission the following criteria must be satisfied:

a) minimum impulse normal limit cycle must be generated by the error

dependent modulators

b) for disturbed limit cycle t must be as large as possible and still

yield a limit cycle eonsisten_nwith the modulator switch line charac-

teristics.

c) _L must be as Small as possible for large maneuvers and still permit
maneuvers to be completed in allotted time.

3.3 MODULATOR STUDY

3.3.1 Introduction To select a suitable modulator for the LEM attitude con-

trol system the single axis control loop shown fn Figure 3-5 was assumed to

determine limit cycle performance and transient response characteristics of

the control system for each modulator. The modulators which were evaluated

are:

a) On-off modulator

b) Induced rate modulator

c) Pulse modulators

3.3.2 pn-off Control - For on-off control the modulator in the RCS control

loop is replaced by the relay characteristic shown in Figure 3-6a. The limit

cycle characteristics for this modulator are determined entirely by the phase
plane "jet-on" and "jet-off" switch lines for disturbed and undisturbed limit

cycles. The equations defining the jet switch lines include the effects of

rate gyro dynamics which are represented as a pure delay (Figure 3-7) and

thrust flmction characteristics (Figure 3-8). For normal (undisturbed) limit
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Figure 3-4 - Disturbed Limit Cycle
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cycle the switch line equations can be obtained from Figure 3-5. They are:

On Switch Lines - Normal Limit CycLe

Electrical KR@ + K A @ = _

Actual (K R- K_ Ton ) _ + K o @ = _

Off Switch Lines - Normal Limit Cycle

+

Electrical KR@ ÷ K o e = _h 2"@ KR TG_

K A Toll2

where A : KR .(Ton + T_). 2

(3-16)

(3-17)

(3-1s)

(3-19)

(3-2o)

From equations 3-17, 3-19 and 3-20 it can be seen, that for normal limit

cycle on-off control, the following are true:

a) = 0 - system is unstable since slope of "on" and "off" switch

nes are positive and equal to I/T and I/T _ respectively.

K R : 0 also clearly shows the desta_nmlizing et}e_cts of forward

iNop delays.

b) t_ = K^ T n and KR : K^ T f_ define the infinite slope values for

e ac_ua_ on and off _wi_c_ lines respectively. _ must be greater

than K e Ton and K 8 T off for stability.

c) "A" defines the change in location of the "off" switch line

(equation. 3-19) due to changes in T _ T_, K_ and vehicle accel-

eration (e). Figures 3-9_ 3-10 and°_[ll _howmthe effect of KR

variation on "off" switch line location. It can be seen from the

figures that as KR increases (A increases also) both coasting

rate and attitude excursions decrease. As K (A) is increased
,A%

further a point will be reached where thrustlng will be continuous

(first positive torque and then negative torque). The value of KR

for continuous operation is given by the following equation

_,K_c= F_ + K8 Toff2_2 J Toffl+ TG (3-21)

which is obtained by equating equations 3-17 and 3-19 for plus

and minus_gL respectively. ......

ll| I I i
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From the above it is apparent that KR must be chosen greater than K0 T (T is

Ton or Toff_ whichever is larger) b_t less than the value given by equation
3-21; That is

max (K@ Ton K 6 Toff ) < KR < KR
C (3-22)

The only remaining quantity of interest for normal limit cycle operation is

propellant flow rate (_). It is desired to minimize & for the LEM mission.

From equation 3-10

2F [ t KR_]

__ on&

('_= Isp 4 f) + A _ (ton÷ Ton+ Toff - 2

^6
but t

=T-_I ÷Ton on - Toff

• $ gA • l /(ron Toff) ]
• _ _ Isp2F [ _ _ |@1 + A_ [&_ + 2 t'@'I (T_n- _)]-]

" 2F F A @..[A @ + I_I (Ton- Toff)]
or = 41ele2 + (A@)2

(3-23)

(B-S)

(3-24a)

From figures 3-9_ 3-10 and 3-11 it can be seen that equation (3-24a) is not

minimized for the minimum value of A@ obtained by varying KR since @2 (Fig-
ure 3-2) decreases as KR increaseS• It can therefore be concluded that the

KR required for _min and @A min for a particuSar value of _ will not agree,

and that ER must be selected to yield _min or emi n for various mission phases.

For disturbed (moment unbalance) limit cycle operation_the switch lines are:

On Switch Lines - Disturbed Limit Cycle

Electrical _ @ + K@ 0 = + _ + "@"T G

Actual (_ - KB Ton) @ + K9 e = + _ + '@ [_ (Ton + T G)

(3-28)

K@Ton2

(3-29)

Off Switch Lines - Disturbed Limit Cycle

,,

Electrical KR @ + K@ @ = _+ f)_" h -_ @ KR T G (3-18)

Actual (_ - K0 Tof f) @ + K8 @ = + _ + h + @[(Toff* T G) _- K@Toff2 ]

2

(3-30)
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From equations 3-29 and 3-30 the following can be seen:

a) KR = 0 -- system is unstable since slope of "on" and "off" switch

lines is positive.

b) and K@ to insure stability;KR must be greater than K8 Ton Tof f

i.e _ > max (_8 r K_ .•, on _ Tof f)

c) Je¢ on time increases with an increase in any or all delays

(Ton, Toff, and T_G) for a fixed KR.

.,

d) Location of switch lines varies with _ and is therefore dependent

upon vehicle inertias, control moment and mnbalance moment.

o.

e) For fixed values of K_, T_, To_ T and 8 the disturbed limit
_v L_cycle is plotted in _igures 3-12, _13 and 3-14 for various values

of K_. From the figures it can be seen that KR effects @osc p-p

on!y*_slightly but has a marked effect on @AV-

From equation 3-11a we have

for a disturbed limit cycle. As was discussed previously the only quantity

in the above equation that can change _ is the specific impulse (I ) since

all other quantities are fixed. Therefore, it is obvious that a l[_ge on-

time is desirable to minimize propellant flow rate, but the on-time for

"on-off" moment unbalance control is solely def_rmined by the relay hyster-

esis and vehicle parameters (Ton , Toff, T G and _) and cannot be controlled.

The switch lines for transient response are given by equations 3-16 thru 3-20.

However, since the LEM body rates will be limited, an additional switch line

must be considered. The switch line is an "off" line defined by the follow-

int equation

Electrical

Actual

°.

@ = +_ ± lelra

=± +-I' I(roll+rG)

(3-3±)

(3-32)

Typical large transient trajectories are shown in Figures 3-15,3-16 and 3-17.

It is apparent from the figures that a large KR is desirable for good trans-
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lent response and that actual rate limit will vary with vehicle inertia (_).

The total propellant required for a transient maneuver is given by equation

3-14 which is

n t.

I
j =i spj

An example is given in Figure 3-17.

If a rate gyro deadzone (Figure 3-18) is considered a value must be selected

for the deadzone such that the limit cycle is undisturbed or an increase in

propellant consumption will arise. The permissible rate gyro deadzone for

the on-off modulator is. given by the following equation

= [h- 9min[KR(roff+ rG) +2 %ffa/2?] (3-331
- Ton- Tof f

where K8: i and KR must be less than KRc (equation 3-21).

3.3.3 Induced Rate Modulator From equation 3-10 it is obvious that propellant

consumption during normal limit cycle operation will be minimized if the

quantity t A8 is minimized. This can be accomplished by generating a mini-

mum impuls°nlimit cycle which will yield the smallest possible A@ and t

possible for a particular value of KR. on

The "Induced Rate" modulator is such a device. A minimum impulse is gener-

ated for slowly varying signals by the addition of a feedback network
', ,, 1! • , • •

K/(s + ]/T_; to the on-off relay characterlstlc as shown in _igure 3-6b.

The impulse width (on time) generated is dependent upon K.T_,h,e, K_ and T .
• _ .L J_ On

Because of the pulse width dependence upon 8 the minimum eAectrical pulse

generated during normal limit cycle by this device will vary with vehicle in-

ertia. Therefore _ K must be varied during the LEM mission to compensate for

inertia changes to achieve minimum impulse limit cycle %hroughout the mission.

When the modulator error(e) exceeds AKT_ a continuous thrusting condition
will occur. However_ for _ < e < A K T[ the pulse width generated will vary
from a minimum pulse to a continuous thrusting pulse dependen% upon the mag-

nitude of e. This modulator wil!give the same results as the "on-off"

modulator for large transients and moment unbalances since the error magnitude

will exceed the feedback network output in these cases,

The permissible rate gyro deadzone for the "Induced Rate" modu!ato_ was not

evaluated. However _ it can be seen from Figure 3-19 that the time to tra-

verse A8 after the thrust pulse must be less than the time it takes for the

induced rate network output (el) to reach a level such that _ < e - eI . The

largest vehicle inertia will present the most stringent requirement on the

rate gyro deadzone.
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3.3.4 Pulse Modulators All remaining moddlatorsof interest are of the

pulse modulation type which convert the input error signal into a fixed

amplitude pulse train output. The pulse modulators considered are:

a) modified on-off

b) Pulse Frequency Modulator (PFM)

c) Pulse Width Modulator (17_M)

d) Pulse Ratio Modulator (PRM)

e) non-linear PRM

f) piecewise-linear PRM

Each of the above modulators have the capability of generating a minimum im-

pulse for normal limit cycle operation independent of vehicle inertia, and

thereby will yield a minimum propellant limit cycle. However, the modulators

can be constructed as a pulse on demand modulator (first pulse is generated

as soon as "electrical on" switch line is crossed) or delay modulator (first

pulse is generated a definite time after "electrical on" switch line is

crossed). The minimum impulse limit cycle is generated by all demand pulse

modulators. Only the PFM and the modified on-off yield minimum impulse

limit cycle for both demand and delay type modulators.

The functioning of each pulse modulator is discussed below:

3.3.4.1 Modified on-off The characteristics of the modified on-off modulator

are shown in Figure 3-20. From the figure it can be seen that this modu-

lator generates a praise train with constant pulse repetition frequency and

pulse width for all errors less than e I . The pulse width (t ) should be set
equal to t (pulse width that generates minimum " onImpulse) such _hat mini-

onmin

mum propellant limit cycle is generated. All errors greater than eI cause
continuous thrusting.

Phase plane thresholds (electrical switch lines) are shown in Figure 3-26.

They are described by

_e + Kee = t _ (3-34)

KR8 + K_ e : _ eI _ _ (3-35)

in the absence of acceleration_and

KR8 + Ke9 + eI _

(3-36)

(3-37)

ILliIL I II
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in the presence of acceleration.

To insure a one pulse limit cycle the following relationship (assuming no rate

gyro deadzone) should be satisfied

o [_w _ ÷ l] (3-38)
W - p

Equation 3-38 is sufficient but not necessary to guarantee a one pulse limit

cycle and is obtained from Figure 3-27 by solving for y < _ T . The limit
W

cycle propellant flow rate is given by equation 3-9 where

:T +
ton w Ton - Toff

If t is selected to be t the minimum impulse limit cycle will be ob-
taintS. °nmin

For large moment unbalances and rotational commands the modified on-off modu-

lator functions as the on-off modulator. However, the rate gyro deadzone re-

quirement is different for the modified on-off modulator. The permissible

rate gyro deadzone for the modified on-off modulator is derived from Figure 3-1

to insure that normal limit cycle is not changed.
where t _must be less thanaT_n
The equations defining Tp tab (6):are

(_ + + T ).

- F (3-39)
tAB : T -

w i _Tw 4;10

1 (3-40)
Tp f Ton

where is worst delay due to modulator characteristics (TPmax = 0 for
TPmax

o : @RG and _ :'%indemand type modulator). @ will be the worst case to con-

sider. Equations 3-39 and 3-40 are plotted in Figure 3-28 for this case.

3.3.4.2 Pulse Frequency Modulator (PFM) The characteristics of the PFM are

shownim Figure 3-21. As can be seen from the characteristic curves, the PFM

varies pulse repetition frequency while maintaining a constant pulse width

as a function of error magnitude. Also shown is the linear duty factor var-

iation as a function of error. The phase plane boundaries are shown in Fig-

ure 3-26.

As for the modified on-off modulator KR should satisfy the relationship of
equation 3-38 to guarantee a one pulse limit cycle. Therefore_ if t is

on .
selected equal to t a minimum impulse limit cycle and therefore minlmum

°nmi n

propel!ant limit cycle will be generated by the PFM. However, propellant

consumption for limit cycle in the presence of a large moment unbalance will

L_ C_I}_ _ RE_ORTLm_- 500L3- ....DATE 30 Sept. 1964
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Figure 3-20 - Modified on-off Modulator Characteristics
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be excessively large. This is due to the fact that t is fixed at t
on Onmi n

which yields the smallest I value and therefore the largest propellant
s

consumption rate (see equatm_n 3-11a)o

Response to large rotational commands will be similar to that of the on-off

modulstor.

The permissible rate gyro deadzone is again determined from Figure 3-19

where tAB< Tp to insure that normal limit cycle is not changed

equations for t&8 and Tp are (6):

%12+ 6o (!+ Toni%+
t&8 : TW

The PFM

(3-4l)

el- + fl/Kf
T :[ . ] [-l,  1 11 f ]2]

Kf [(8 l- _) + 1/Kf (3-42)

where Tw = ton - To n + Tof f and Kf and fl are defined in: Figur: 3-21.
Equations (3-41) and(3-42) are plotted in Figure 3-29 for _ = _ . .

mln

3.3.h.3 Pulse Width Modulato _ (PWM) - The PWM characteristics are shown in

Figure 3-22. From the curves it can be seen that the I_M generates pulses of

varying width with a constant pulse repetition frequency as a function of

error signal. Also shown is the linear duty factor variation as a function

of error signal. The phase plane boundaries are the same as for the PFM

(Figure 3-26).

If the PWM is of the "pulse on demand" type t will equal tonm: to yield
n • _n, ,,

a minimum propellant limit cycle. However, i9 the I_#M is of the delay type

ton # tpn_in_and the minimum propellant limitc_le cannotl_obtained, but can be

approacnec m_ eI is made very large (decrease I_M gain). The value of KR

selected for normal limit cycle should satisfy equation 3-38 to guarantee

one pulse limit cycle.

Both "delay" and "demand" type PWM will yield good propellant consumption

rates for large moment unbalances since f can be chosen to yield large pulse

widths and therefore large I values. Response to large rotational commands

will be similar to "on-off" _l_dulator for the large values of modulator gain

being considered (small el).

As with the PFM tAB and Tp will determine the permissible rate gyro deadzone.

That is, tA8 < T to insure a normal limit cycle. The equations for tP A8 and
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Tp for the demand PWM are given by the following (6):

i

Tp = -{-- ton

[_°<Tw/2 + g° (i + T°n/Tw + _P/Tw) I-t @ = Tw I°<Tw + @° I

(>43)

( 3-44 )

The above equations are plotted in Figure 3-28. The permissible rate gyro

deadzone was not evaluated for the delay type PWM.

3.3.4.4 Pulse Ratio Modulation (PRM) The P_M varies both pulse width and

pulse repetition frequency as a function of error signal. Duty factor_ pulse

width and pulse frequency static characteristics as a function of error are

plotted in Figure 3-23. The dynamic equations used to determine pulse width

and frequency of the PRM (3) for varying error signals are:

=#t°n (l-x)dt ; x = f(t) (3-45)

n

tOnmi n Jo

tonmi n = x dt

on

(3-46)

where x is the normalized error signal. See Figure 3-26 for the phase plane

b oundar ies.

A "demand" PRM will satisfy equation 3-45 first whenever the PRM threshold is

crossed; i.e., the "demand" PRM starts delivering a pulse as soon as x exceeds

zero. Upon satisfying 3-45, 3-46 will be satisfied to determine Tp using

previous ton as lower limit on the integral. However, if during the evaluation

of Tp the PRM input is reduced to zero the PRMwill reset in order that 3-45
will be satisfied when input exceeds zero again; but_ if the input is reduced

to zero while 3-45 is being satisfied, the PRM stops delivering the pulse

(ton cannot be less than tonmin) and resets to satisfy 3-45 when x exceeds

zero again.

The "delay" PRM operates on a continuous clock basis; i.e., it does not reset

either ton or Tp integrals when x is zero. The delay PRM solves equation 3-46
when x exceeds zero using the previous value of ton for the lower limit on the

integral. Upon satisfying 3-46, 3-45 is satisfied to determine ton. When x

is reduced to zero while satisfying 3-45 the PRM will stop delivering a pulse

(ton cannot be less than ton . ) and will satisfy 3-46 when x exceeds zero
ml

again. If 3-46 is being satls_ied when x is reduced to zero, 3-46 will be

completed when x exceeds zero again; i.e._ off time is accumulated until

3-46 is satisfied.

As for the "demand" PWM_ a pulse on "demand" PRM will generate a

minimum propellant limit cycle since ton will equal ton . . The "delay" type
mln _ .

PRM unlike the delay PWMwill generate a near minimum propel±ant limit cycle
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Figure 3-23 - PRM Characteristics
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Figure 3-24 - Piecewise Linear PRM Characteristics
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Figure 3-25 - Non-Linear PRM Characteristics
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_cec_,u_e ton _ ton . due to the pulse width characteristic of the PP_M (Fig_'e
•" mln ,

73-23) o However_ :_ is shis _ame pulse width chara:te_i:tic ths,t cause_ poor

i_r<Feil_,ut flow rates for moment unbalance control when Mu< 0.5 Mg. This is

d,_e to the small values of isp caused by the small pulse widths. {For Mu =

0.5 Mc; ton = 2tonmi n) • For Mu> 0.5 Mc_ the pulse width in_,reases rapidly

_.nd better Isp valu@s are o_tained.

_:es:pcnse to large rotational commands of the PRM is_ as for all other pulse

modu.!:,tors_ s_m:_ar to that of the on-off modulator.

_e pe:rm:ssib.l.e rate _vro dee,dzone for a pulse on "demand '_PIKM was determined

By :_gD.a! techniques (6) to be 0.05 deg/seo, for the LEM. A typ:,."_8,I limit

:y'_l.ewith KR = 0 is shown in Fig'_re 3-30. A permissible rate gyro dead-
-_,.onehas not been evai:Jated for the "delay" PRM.

3.3°k.5 Non r_,inear :RM In order to improve the P_RM moment unbalance limit

7:-#cTie :;z.-'_e;.i_,n _ flow rate_ its static pulse repetition frequency chars>,

<eristics are modified to yield a nonlinear PP_ as shown in Figure 3-25.

<:so showr_,,are the stati2 duty factor and pul.se width c.har,_,cteristics of

<he nonlinear PRM. I÷; should be n_ted that the pulse width characteristics

_,re _,n,-.h,___ge_.The integral equations for the nonlinear PRM are:

fo _ontOnmi n = (l-x) dt] x = f(t)

fTP _xdt
tonmi n : on

(3-47)

(3-48)

For decreasing values of the non-linearity factor (_) larger pulse widths

will be required to control a given moment unbalance. Therefore_ large

values o:f !sp and lower propell.ant flow rates will be obtained along with
a lower pulse fe_e_,ition frequency by use of non-linear PRM for large moment

_alan_:e control. However_ an increased average attitude offset will have

to be +;olerated_ b,_t normal l_mit cycle operaticn will not be changed by

in{arodu.-_dng _ due +;o the modulator pulse width characteristics.

As with the other pulse modulators response to large rotational commg,nds

wii! be simi!.ar to that of the "on-off" modulator°

3°3.ho6 Piecewise-linear PRM The characteristics of the piecewise.,l.inear

PRM are shown in Figs,re 3_2--_,- It can be seen from the characteristic curves

tbah for e _ e2 this modulator is a P_N and for e2_ e <e I :it is a _.

Tiherefore_ its norms,] limit cycle operation is identics, l to that of the PFM

_,_._its large moment unbalance limit cycle operation is that of PWM. Aiso_

tbe piecewise-linear PRM permissible rate ggro deadzone is identical tc ths,t

of a PFM.

3°3°4.7 General 0the_.'%han the characteristics dis_:u,ssed :for ea?h pulse

mc@_lator in the preceding sections_ there are several charaoteristics wh:i::h

s,re common to all "delay" and/or "demand" modttlators. These commcn _h___.....__-

teristics are discussed below:



a)

b)

o)

PAGE 62

"Demand" type pulse modulators will yield switch line limit

cycles for small moment ur_balances (on the order of i00 ft-lbs)

as shown in Figure 3-31b. For this type of limit cycle

ton = tonmi n and therefore wastes propellant and should be

avoided if possible. From Figure 3-32 it can be seen that if

Gy- G_x< IM(::I-I IMul (tOnmin - "/'or, + "['cf'f) =Z_C_ (3-_9)

a switch line limit _• cycle will be generated ty the control system

@x and @y are given by the following equations:

By = ,,--Xu(%n + "T'a)+ _o (3-,50)

(3-F1)

where

(3-52)

°< T: C_u + °<a (3-53)

azu : _/I (3-5L_)

_<o = (Mo - Mu) /T (S-'_5)

From the above equations the value of __ whi:_h is the boT_ndary

between a limit cycle on the switc:h line or in Zhe modulation region
can be determined.

"Delay" pulse modula+,ors tend to alleviate %he switch line mome_t

unbalance problem for small moment mnbalances because equation

3-50 increases] i.e.

where 7"p is the integrating delay of the modulator.

All pulse modulators give good transient response for attitude

commands less than one degree wi__;hthe high gain linear modula-

tors yielding the best response.
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d)

e)

f)

For large moment unbalances the PWM and PRMwill deliver in-

creasingly larger pulse widths° KR must be selected in order

that the limit cycle shown in Figure 3-31 c or d does not occur

for the range of moment unbalances expected for LEM in order that

RCS propellant is not wasted by thrusting in such a way that the

control acceleration adds to the moment unbalance acceleration.

"Demand" pulse modulators are susceptable to noise and will

therefore generate extraneous pulses while "delay" pulse modu-

lators serve as noise filters and therefore will not generate

extraneous pulses dumping normal limit cycle.

3._

All pulse modulators will generate a wandering limit cycle (8)

as shown in Figure 3-33. This phenomena will occur because of

different moments generated for plus and minus rotations.

Si_llation Results

3.h.l introduction The results to be presented in this section were obtained

from both analog and digital computer simulations. An analog simulation of the

single axis control system (Figure 3-5) was used to study the following:

a)

b)

c)

d)

On-off modulator

Induced-rate modulator

Piecewise-linear PRM

PWM

A digital simulation of the control system [Figure 3-5) was used to study

the following:

a) P_

b) Non-linear PRM

:_o facilitate the presentation of the simulation data the LEM control require-

ments will be separated into the following:

a)

b)

c)

3.k.2 Limit Cycle To investigate limit cycle operation_ in the absence of

disturbance moments_ the following modulators were used:

a) on-off modulat or

limit cycle operation

limit cycle operation with moment unbalance applied

response to large errors

b) induced rate modulator
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c) piecewise-linear PRM (delay type)

d) (delay

Plots of KR vs. _A and the parameters assumed are shown in Figures 3-34, 3-35,

and 3-36 for the on-off, pulse width and piecewise-linear PRM respectively.

From these figures, it is apparent that only the piecewise-linear PRM is not

heavily dependent upon KR for the minlmumvalue of _A" It is also evident

that the piecewise-linear P_M generates the minimum impulse limit cycle.

The PFM, PRM; non-linear PRM, modified on-off modulators and demand PWM

will also display an independence to KR variation with respect to _A.

The induced rate modulator was simulated with _ =o_ ; and it was verified

that with the proper value of K for each inertia a minimum impulse limit

cycle will be generated.

Although @A is independent of K R for pulse modulators, D is not_ due to depen-

dence of @max on KR, as can be seen from Figure 3-37 and it will therefore be

necessary to vary K R for all modulators d_ring the LEM mission. However, onlyl

two values of K R appear to be necessary (one va_le for ascent and one value

for descent) for the pulse modulators while many would have to be required for

the on-off modulator (induced rate modulator also requires many K changes).

From the preceding; it is obvious that a pulse modulator; other than the delay

PWM, should be used for limit cycle control because:

a) a pulse modulator provides minimum or near minimum impulse limit

cycle and therefore mini_amproi.e!iant for any value of K R chosen.

b) only two values of KR will be required for the LEM mission assuming

mass properties in Table 3-1.

e) a pulse modulator yields minimum possible values of @A and will

therefore satisfy the desired maxim_rate for docking (9) that

: 2_A _ 0.5 deg/sec.

3.4.3 Disturbed Limit Cycle To study limit cycle operation in the presence

of moment unbalances; the following modulators were used:

a) on-off modulator

b) induced rate modulator

c)

d) piecewise-linear PRM

e) PP_

f) non-linear PRM
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Disturbed limit cycle characteristics are defined in Figure 3-32 (only desired

and switch line limit cycles were obtained). Plots of Mu versus these quanti-

ties are shown in Figures 3-38, 3-39 and 3-40 while Mu versus _O is plotted

in Figure 3-41 (for all modulators listed above). The parameters used for the

modulators are tabulated in Table 3-2.

It is evident from Figure 3-41 that a non-linear PRM ( _ 0.i) or a PWM

should be used to control large moment unbalances during powered ascent to

_inimize propellant conslmmption. A delay type PWM or a delay type non-linear

PRMwill yield improved limit cycle operation for 25<Mu < i00 as can be seen

from the delay PWM and _= 0.i non-linear demand PRM curves for Mu vs. cO in

Figure 3-41. The delay non-linear PRM improvement can be seen by extending

the curve on the right of Mu = i00 to the curve to the left of Mu = i00 as

shown in the Figure 3-41. It can be seen from this dashed curve that the

delay non-linear PRM ( _= 0.!) will yield the smallest propellant requirement_

To obtain the small values of propellant flow rate, obtained by selecting the

non-linear P_M, larger values of gAV, @osc and @osc for Mu_ i00 ft- # must

be tolerated. However, the guidance system can compensate for these quantitie_

3.h.4 Response to large Errors As can be seen from Figures 3-42, 3-43, 3-44_

and 3-45, there is little difference in the response of on-off or pulse modu-

lator control systems. However, the effect of KR on overshoot and therefore

propellant consumption is quite evident. Also, it is evident that the non-

linear PRM gives better response than the "on-off" modulator due to its region
of varying pulses.

3.4.5 Conclusion It can be concluded from the discussion presented in

section 3.3 and the simulation results presented in this section that PRM or

non-linear PRM provide suitable overall control system operation. However,

PRM is desirable for normal operation because of its higher gain and therefore

better response to small attitude commands, and "delay" non-linear PRM is

desired to control moment unbalance during powered ascent. Therefore_ a non-

linear "delay" PRM with the capability of varying A such thst _= I (P_M)

and _< I (non-linear PRM) would be ideal since it would yield the best

overall attitude control system. However, a fixed non-linear "delay" PRM

with_< i is recommended for use in the LEM control system because it yields

satisfactory overall system response and presents a simpler system since

switching of _ will not be required.

The number of thruster operations during the LE_M mission is also of interest

in selecting the type of PRM to be used in the attitude control system. From

a reliability point of view, it is desirable to minimize the number of th_stez

operations required. Moment unbalance operation is the condition of interest

here since there is no appreciable difference between linear and non-linear

PRMwith respect to the number of thruster operations for normal limit cycle

and large transient response operation. As can be seen from Figure 3-46, the

moment unbalance limit cycle period decreases (frequency increases) for all

modulators as moment unbalance increases; ioe., the number of thruster opera-

tions increases with increasing moment unbalance. From the curves plotted in

Figure 3-46, it is apparent that the "delay" PRM (A= 0.i) will yield the

least number of thruster operations. Also notice that O0(_f/ton (Figures 3._4_

3-46 and 3-1); i.e., high frequency moment unbalance limit cycle yields small

O_,TE 30 Se
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TABLE $-1

MASSPROPERTYHISTORY

Mission Phase

_tart of Separation

3tart of Powered Descent

3tart of Hover

_ouchdown

_iftoff

3tart of Rendezvous

)ocked

Weight

Earth Lbs

Center of Gravity Moments of Inertia

.... : *slug - ft

X Y Z

29,870 190 -0.4 0.i

29,458 190 -0.4 0.i

15,618 212 -0.8 0.2

13,805 221 -0.9 o.2

10,50o 242 -0.3 0.8

5,511 254 -0.6 1.6

5,129 254 -0.6 1.7

I
XX

20,455

20,173

11,524

10,290

6,414

3,133

2,916

I
YY

22,314

22,006

12,080

10,729

3,381

3,O48

2,837

I
zz

21,965

21,662

13,977

12,668

5,576

1,730

1,610

ton values and therefore large values of ¢4D . Therefore_ small values of f
(large T) which yield large rate excursions (Figure 3-39) are desired for

minimum propellant consumption and minimum number of thruster operations.

It can therefore be concluded that a non-linear PRM with _] _ i should be

used for the LEM attitude control system.

3.5 Attitude Control Propellant Requirements for LEM Mission (i0_ ii)

The RCS propellant requirement for LEM attitude control was evaluated assuming

the simplified LEM control system with cross-coupling terms neglected (Figure

3-5). It was also assumed that a PRM was used for reaction jet control.

The propellant requirements were evaluated as follows:

a. Propellant required for limit cycle operations:
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b ,

i- during coasting phases of LEM mission using equation 3-9

2- during powered phases of LEM mission using equation 3-11a for

ascent (see section 2 for powered descent estimate)

Propellant required for large angular rotations using equation 3-14

assuming a 5O/sec. rate limit

The total propellant required for attitude control was evaluated based upon

the above assumptio_and is tabulated in Table 3-3 for the mass properties in

Table 3-1. Any major change in mission plan will require that the propellant

requirements be re-estimated.

3.6 Control System Deadbands (12)

Use of two deadbands were considered (Figure 3-47), one in the forward loop,

and one on the attitude signal, with respect to their effects on minimum rate

command and limit cycle operation. Also considered is the effect of rate gyro

bias on limit cycle operation. However_ the rate gyro deadband of O.OlO/sec.

was neglected because it is smaller than the minimum possible rate change of

O.02O/sec.

A phase plane technique was used to determine the effects of the additional

attitude deadband and the rate gyro bias on limit cycle operation of a single

axis LEM attitude control system with cross coupling terms neglected

(Figure 3-47) •

For the attitude deadzone (/_a) equal to zero the phase plane boundaries are

plotted in Figure 3-48 for both attitude hold and rate command modes. The

following relationshil_are obtained from Figure 3-48.

a) @Cmin _ 21q/K R _/_ 9min (3-56)

must be satisfied to insure a rate change and a final rate value in the dead-

band;

b) 9coas t < 2 /3_ (3-57)

states that total attitude change cannot exceed 2_ during limit cycle;

c) oAr =

states that @B causes limit cycle to have an average value.

Equation 3-56 is the critical equation. It must be satisfied for all values

of !O- and K R. For ascent coast which is the worst case, KR = 0.4 sec. and

9coast _ 0.32O/sec.; therefore, from equation 3-56

@Cmin > 0.5°/sec. _ 0.32°/sec. for I__ = 0.i °

and @Cmi n _ 25°/sec. 70.32°/sec. for-Q- = 5.0 °

GRUMMAN AI RCR_ATION
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For _ = 0.i ° we have a satisfactory control.system. However, for _= 5.0 °

the control system is unacceptable since a ec . of 25°/sec. exceeds rate

gyro limits, the desired maximum command ratem_d is too coarse for vehicle

control. _herefore, to use the Oa = 0 scheme it will be necessary to switch
to _ = O.1 whenever a rate command is given.

With the inclusion of _ the phase plane boundaries change as shown in
Figure 3-49. The following relationships are obtained from Figure 3-49:

a) @Cmi n > 2 _ KR > ASmin (3-56)

to insure a rate change and a null within the deadband.

b) ecoas t < 20 + _a (_-59)

for limit cycle if

_min <'_ KR - leSl (3-60)

c) ecoa_ t < 2 _ (3-61)

for limit cycle if

d) eAV = Ka 8S if (57) iS true (3-58)

e) @AV = _ rl_l + I_ _81_ is true (3-63)

Again equation 3-5_, for ascent conditions, is critical. For ascent _ =
0.32°/sec. and KR 0.4 sec. From equation 3-56 we get min

>
2 = O'064°/sec

Selecting _ = 0.i ° we get the following

@cm_n > 0.5°/sec. > 0.32°/sec.

= 0° for 0.i ° coast
a

Qa = 4"9° for 5.0 ° coast

Therefore, for tight attitude (_ = 0) the system of Figure 3-49 becomes the
• • a

simplified system shown _n F_gure 3-48.

R_,O.Y LED'
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At present @B_ = 0.2°/sec (4) Therefore, from inequality 3-60 a @min <

O.05°/sec. bht"_actuallyA@_i n = 0.32°/sec. and therefore ine�uality 3-60

is not true. Inequality 3-62 is not true since it requires IQBI_ 0.25°/sec.

but I@_ = 0.2°/sec. with present gyro characteristics. Since both inequali-

ties 3-60 and 3-62 are not satisfied a limit cycle with both values of @coast

and @AV will occur.

The addition of_CL.a in the attitude error signal offers the possibility of

achieving a small @Cmin independent of the value of the total attitude dead-
zone. During coast large attitude deadbands are desired to minimize fuel

consumption. However, for fla% 0 and for the range of _ possible, undesir-

able limit cycle periods due to decreased @coast values will occur. This will

result in increased RCS propellant consumption: Also withi-ia_" 0, the

possibility of having @AV oscillate between KR@ B and[,_ _ + ,KR@BIl,jwhere
I_-a = 5° , is highly undesirable.

When_ a = 0 for the entire LEM mission,_ alone will control the total

attitude deadband. __ must be set equal to 5° for coast phases to minimize

propellant consumption. However, this results in an unacceptably large @Cmin.

Therefore, it will be necessary to switch to the smaller value offi whenever

a rate command is given. This will yield the desired small value for @Cmin

and also yield the desired values for @coast and @AV"

It is therefore concluded that the control system with_ a_ 0 and the

inclusion of the capability to switch to the smaller value of_O_ for rate

commands should be used because:

i. Only one value of @AV exists and its maximum value is

@AVmax = KR @Bmax

2. Only one range of @coast is possible. That is

@coast _ 2/__

3. Reasonable values of @Cmin will be obtained.

Since pilot maneuvers during coast periods are few and pre-planned_ it

appears acceptable to depend upon manual selection of the small i__ prior

to the maneuver. Automatic __ selection by means of the detent switch

on the control stick is also acceptable.
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TABLE 3-3

Atti.tude Control And Rotational Maneuvering P_opellant Breakdo-w-n

O

%n

!

_4

Mission Phase

DESCENT

Separation

Orientation and

Insertion Prep,

Coast to Peri-

cynthion

Automatic

Powered

ASCENT

Powered

Contingency Stay

Coast

Rendezvous

Limit Cycle Maneuvers ***

Time

(sec)

78

792

3600

710

430

6oo

54OO

847
6oo

Dead Zone

(deg)

.i

.i

.i

.i

• <

.i

5

5

.i

Propellant

(lbs.)

.2

2.0

.2

39.2

172.7"

15.9

3.0

.5

15.9

Propellant

(ibs.)

5.6 (2)

22.7 (8)

8.1 (3)

8.1 (2)

2.3 (2)

6.8 (20)

1.9 (9)

* 170# of the 172.7# provides a useful 6V = 226 ft/sec, which is equi-

valent to 128# of ascent main tank propellant.

** M_nual landing and docking propellant requirements are not included.

*** Number of maneuvers assumed is sho_-n in parentheses.

REPOR, I_D-500-3
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4.1 - Introduction

Vehicle maneuver commands may consist of any combination for simultaneous

translation and rotation. Theoretically it is possible that six commands,

one for every rigid body degree of freedom could be generated at once. Thus,

an acceptable jet-select logic should provide full control for any combination

of rotation and translation commands. This "mode" of operation is called
"normal"

However, when one or more jets are not available for control purposes because

of failure(s), the normal mode of operation is no longer possible. The re-

sponse to some combination of commands will be degraded in performance.

Ideally, the jet logic for the LEM could be selected on the basis of providing

the minimum of control degradation for multiple jet failures. In practice,

other considerations (weight, reliability, etc.) predominate in the selection

of the jet logic. However, a complete appreciation of the characteristics of

any logic scheme cannot be achieved without an understanding of the control

performance degradation it provides for multiple jet failures.

This section presents some basic concepts that were developed during the

analysis and synthesis of different jet-select logic schemes.

4.2 - Control Degradation Modes

The following defines four modes of control degradaticn that could occur

from jet-off failures.

Mode I

The first mode is merely a degradation in the magnitude (or quantity) of the

control capability, while retaining the ability to respond (or quality) to all

combined commands in rotation and almost all in translation. This level of

degradation does not require the disconnect of the LEM guidance automatic
control.

Mode II

The second mode of degradation represents the inability to respond correctly

to many combined commands while retaining the capability of sequential

eeeoeT LED- 500-_9_0_OATE 30 Sept.
GRUM,_AN AIRCRAFT ENGiNEERiNG CORPORATION
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single-axis rotation about all three axes_ and sequential single-axis _r_ns-

lation with attitude hold, along any two axes. In this mode the automatic

control system mode cannot operate_ but manual control may be accomplished_

Mode III

In the third degradation mode the vehicle is uncontrollable with translation

commands, but the capability of sequential single-axis attitude control

remains. In this mode the command module must perform the rendezvous and

docking maneuvers.

Mode IV

_is level of degradation would represent the loss of all attitude control

capability. If the LEM rotation rate is excessive this mode could be c_ta-

strophic. Even if the rotation rate is not excessive, normal docking cannot

occur. The astronauts must exit from the Ii_ into space and _fly' to the
command module.

h.3 - Minimum Jet-0ff Failures Resultin_ in Maximum Control Degradation

As defined in the previous section, a Mode IV control degradation can be

catastrophic; and must be avoided at all cost. At maximum failure_ when all

jets are inoperative, a Mode IV degradation has occurred. However, the

minimum failure that will cause a Mode IV degradation is of great significance.

In fact, the minimum failures that cause each of the modes of degradation_

assuming a "best" jet select logic Bcheme_ must be appreciated for an

adequate understanding of the capabilities and limitations of the reaction

jet controls, and for an adequate evaluation of any jet logic scheme°

It simplifies the understanding of the minimum failure considerations to

recognize that the reaction jets controlling the Q-R-X motions are logically

uncoupled from those jets controlling the P-Y-Z motions. Thus, no jet

aligned to thrust parallel to the X-axis can possibly correct a P-rotation

error or provide Y or Z translation, and no jet aligned to thrust parallel

to the Y or Z axes can possibly correct a Q or R rotation error or provide X

translation.* (Figure 4-i)

Mode IV

A brief study of the jet orientation diagram (Figure 4-1) will verify that

only two jet-off failures need occur for complete loss of control (Mode IV).

_ne failure of any two oppositely-oriented X-aligned jets in diagonal quads

(i.e. any one of the following four pair: I-i0, 2-9, 5-14, 6-13) will cause a

Mode IV degradation. This is actually not as bad as it appears at first gl_uCeo

Assuming the LEM c.g. to be at the center of the RCS thruster coordinate

system, in Figure 4.1

GRUMMAN
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Taken one at a time_ there are 120 combinations of jet pairs. Thus assumin6

a two-jet off failure; any two jets equally probable_ the chance is only

1/30 that this pair would cause a Mode IV degradation.

Mode III

When considering the minimum failures for a Mode III degradation it is

simpler to first analyze the Q-R-X and P-Y-Z controls separately. For Q-R-X

control, the ability to translate along the X axis, while maintaining attitude

hold; is lost if any two similarly-oriented X-aligned jets in adjacent quads

are failed off. For example; if jets 1-5 are failed off it will be impossible

to translate in the X2 direction without losing attitude control. For P-Y-Z

control, the ability to control translation along Y or Z is lost if any two

similarly-oriented Y-or-Z-aligned jets in adjacent quads are inoperative.

(For example, 4-8 for Y, or 3-15 for Z) Since manual rendezvous maneuvers

are currently planned to be accomplished with two axes of translation control_

a Mode III degradation would occur, for example, if at least any two of the

following three jet pairs were rendered inoperative; (1-5, 3-15, 4-8).

Mode II

If only the jet pair 1-5 were out, rendezvous could be accomplished manually

by translating along Y and Z. If 3-15 were out, X and Y translation control

could still be available. And if 4-8 were out; X and Z translation would

still be possible. Thus, a Mode II degradation occurs whenever any two

similarly-oriented X-or-Y-or-Z aligned jets in adjacent quads are inoperative.

(It also occurs with four Y-Z jet failures where none are similarly aligned.)

Mode I

The following failures of X-aligned jets can be tolerated with a little

loss of Q-R-X control quality, although control quantity (or strength) will

be compromised: any single jet failure, any two jets similarly-oriented in

diagonal quads, any two jets oppositely-oriented in adjacent quads, and, any
three or four jets that are similarly-oriented in diagonal quads and oppositely-I

oriented in adjacent quads (i.e. 1-6-9-14, or 2-5-10-13). It might be noted

that the latter failure corresponds to the loss of an entire fuel system for

Q-R-X control.

The following failures of Y-and Z-aligned jets can be tolerated: any single

jet failure, any two jet failures where the jets are not similarly aligned

in adjacent quads, and any three jet failures where none are similarly

aligned in adjacent quads.

4.4 - LoGic Mechanization Concepts

4.4.1 - Modulated LoGic - The earliest LEM logic schemes developed at GAEC

(sometimes referred to as "series" logic) employed modulated attitude error

signal inputs, as illustrated in Figure 4-2a. The three proportional attitude

error signals (P, Q, R) are independently modulated by three pulse-ratio

V
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modulators. Each of the modulated error signals then enters the logic. The

on-off logic output then signals the jets. Since the logic receives pulse-

train commands it must rapidly and frequently switch outputs from one jet

combination to another. This logic mechanization has been employed for the

GAEC Manned Abort Simulator (13) and the GAEC Manned Rendezvous Simulator.

It has been proven that this scheme provides satisfactory attitude control.

To illustrate this system operation, consider an (RI, XI) command with

full-on translation response. The full-on XI command continuously signals the

jet select logic. The RI command, however, is modulated as a function of the

proportional error signal. Thus, at some times an RI command and an XI

command both signal the select logic and the logic selects the RI, XI jets

i0, 14 _. At the other times only the XI command signals the select logic

and the logic selects the XI jets 12, lO_or 6, 14_or 2, 6, i0, i_

4.4.2 Proportional Logic - By letting the logic accept the proportional

attitude error signal inputs and putting the proportional output of the logic

into the pulse-ratio modulators one achieves a "proportional" logic mech-

anization (also referred to as "parallel" logic) as illustrated in Figure 4-2b.

Since this logic receives proportional signals, rather than pulse-trains, it

ideally should perform a much lower order of magnitude of switching operations

compared with the modulated scheme. However, where the modulated logic

requires three pulse-radio modulators for the three attitude error signals,

the proportional logic requires eight pulse-ratio modulators, one for each

pair of opposing jets, and eight summing amplifiers.

As an illustration of the operation of the proportional logic scheme,

consider again the (RI, XI) command with full-on X translation. The full-on

XI command will call for a set of jets with a full-on signal (for example,

jets 2, i0). The proportional RI command will call for another set of jets

with an equal-to or less-than full-on signal (for example, jets i, 14). Thus,

jet i0 will be full-on, jet 14 will be modulated-on as a function of the

proportional attitude error signal, and jet 2 will be modulated-on as a

function of the summed (magnitude difference) opposite-signed signals, of

saturation amplitude for jet 2 and proportional amplitude for jet i.

One of the most readily apparent differences between the operating

characteristics of the two logic schemes is the synchronous jet output of

the modulated logic vs. the unsynchronous output of the proportional logic.

Because the entire logic is modulated in the modulated scheme, the logic out-

put to each of the selected jets is modulated the same way, and each of the

selected jets fires in synchronism with the others. On the other hand, the

proportional logic outputs are proportional inputs to separate modulators,

one modulator to each selected jet. Since the modulators are unsynchronized,

the jet firings are unsynchronized and the instantaneous pattern of jet

firings appears somewhat random in nature.

Another difference is the apparent efficiency of the proportional logic for

Q-R diagonal-axis moments. Because the modulated logic selects jet combinations

REPORTLED-500-3
OATE 30 Sept. i9
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on a pulse-by-pulse basis, it (effectively) splits a diagonal moment unbalance

into two orthogonal components along the Y-Z control axis, and then operates

on these components (except for the relatively infrequent times when Q-R

pulses occur simultaneously). The proportional logic scheme, however, will

"attempt" to fire only those jets along the most efficient axis of moment

application. There is a possibility, though, that the unsynchronous firings

of the proportional logic will negate this efficient performance.

An extensive dynamic simulation would be required before a complete performance

comparison between the two schemes could be made. However, either the

proportional or the modulated logic schemes could meet the minimum control

performance requirements. Therefore, the proportional logic scheme was

selected for the ATCA design (2) on the basis of other considerations, such

as circuit mechanization, redundancy requirements, and partial failure effects.

4.5 - Three Types of Jet-Failure Cutoff

4.5.1 - Quad Cutoff - If a jet-on failure oczurs, the failed jet must be

rendered inoperative under penalty of a catastrophic mode of degradation.

The Reaction Control System is designed to provide a shut-off of the flow

of propellant to the failed jet. One way of doing this is to shut down the

entire quad. This is undesirable for the following reason. Assuming two

jet failures in two different quads where both quads must be shut down, the

chance is 1/3 that the quads will be diagonal, thus causing a Mode IV degrada-

tion. Even if the two quads are adjacent, the Mode III degradation will occur.

However, it is unnecessary to disconnect an entire quad. The system is

designed such that each quad has two pairs of jets, each pair associated

with one of the two fuel systems. Thus, it is as easy to cut off a pair

of jets as it is to cut off a quad. It may be firmly stated that quad

jet-failure cutoff has only disadvantages when compared with pair jet cut-

off. The only remaining problem then is to select the optimum jet-pairs
in the quad to cut off.

4.5.2 - Logic-Coupled Jet-Pair Cutoff - If the jet pairs consist of both

jets aligned along the X-axis or both jets aligned along the Y and Z axes,

¢i.e. the jet pairs 1,2; 3,4; 5,6; 7,8; ... etc.) then each of the two

jets in the jet pair is associated with the same select logic (i.e.

Q-R'X o_rP-Y-Z) and they might be thus referred to as being logic-coupled.

This type of jet-pair cutoff has been employed in the GAEC abort si_alation.

4.5.3 - Logic-Uncoupled Jet-Pair Cutoff - If the jet pairs consist of a jet

aligned along the X-axis and a jet aligned along the Y or Z axis (i.e. the

jet pairs 1,3; 2,4; 5,8; 6,7; ... etc.) then each of the two jets in the

jet pair is associated with a different select logic (i.e., Q-R-X and P-Y-Z)

and they must be thus referred to as being logic-uncoupled. This ty---_ of

jet pair cutoff is employed in the ATCA (2) and RCS design.

4._.4 - Logic-Coupled vs. Logic-Uncouple__d - Since an optimum logic would

provide only a Mode I degradation for a single jet-pair cutoff of either

logic-coupled or logic-uncoupled type, a selection between the two systems

GRUMMAN _'CORPORATION

REPORT NO LED-500-3

OATE 30 Sept. ]964
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must be made on the basis of multiple jet-pair failure considerations. This

has been done in Table 4-1 which compares the logic-coupled and logic-uncoupled

schemes on the basis of the probabilities of the occurrence of the various

modes of control degradation, assuming the occurrence of two jet-pair off

failures (with the possibility of any two jet-pair failure combinations

assumed equally probable).

Considering the logic-coupled cutoff approach, there are six combinations of

two jet-pairs in the P-Y-Z logic and another six combinations in the Q-R-X

logic, for a total of 12 two jet-pair ccmbinations. A Mode I degradation

occurs if any two Jet-pairs in the P-Y-Z logic in diagonal quads fails off.

There are only two combinations of this failure (3-4, 11-12 or 7-8, 15-16)

and thus the probability of a Mode I failure is 2/13 = .167. A Mode II

degradation occurs for failures of any two jet-pairs in adjacent quads in the

P-Y-Z (3-4, 7-8, or 7-8, 11-12, or 11-12, 15-16 or 15-16, 3-4), or in the Q-R-X

(1-2, 5-6 or 5-6, 9-10 or 9-10, 13-14 or 13-14, 1-2) logic. Since there are

eight combinations of these failures, the probability of a Mode II degradation

is 8/12 = .666. A Mode IV degradation occurs for any two jet-pair failures

in diagonal quads in the Q-R-X logic (1-2, 9-10 or 5-6, 13-14). Since there

are only two combinations, the probability of a Mode IV degradation is

2/13 = ,167.

W th similar arguments the probability of occurrence of the various modes

of degradation can be derived for the logic-uncoupled jet-pair cutoff scheme,

as presented in Table 4-1. Comparing the two jet-pair cutoff schemes, it can

be seen that the probability of losing the capability of prime guidance

automatic control is .833 for logic coupled pair cutoff and only .572 for

the logic uncoupled system. In addition, the probability of total loss of

control is .167 for the former and .143 for the latter. On the basis of

these considerations, it is concluded+that the logic-uncoupled scheme is

superior to the logic-coupled scheme.

._,o., :_D-5oo_f_.Kl_.Ir,_i_TULl ._
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Symbol

SYMBOLS USED IN SECTION 5

Definition Units

A perturbation amplitude rad.

a Schmitt trigger deadzone rad.

D Schmitt trigger deadzone rad.

D 1 average RCS duty factor in ascent

F descent engine thrust lbs.

F ascent engine thrust lbs.
m

FR RCS thrust lbs.

f frequency pulses/sec

go earth gravity ft/sec 2

total vehicle moment of inertia slug-ft 2I, 12

gimballed engine moment of inertia slug-ft 2
e

I gimballed engine moment of inertia about slug-ft 2
e

gimbal point

_L LEMbody moment of inertia slug-ft 2

KM gimbal engine actuator gain ft-lb/rad.

KR rate feedback gain sec.

L reaction jet moment arm ft.

i descent engine moment arm ft.

le, II geometric dimensions ft.

M descent engine mass slugs
e

ML total LEM mass slugs

M L LEMbody mass slugs

M lunar liftoff mass slugs
O

M I ascent burnout mass for zero moment unbalance slugs

M 2 ascent burnout mass when unbalance exists slugs

ascent engine mass flow rate slugs/sec

m2 RCS mass flow rate slugs/sec

PMAX maximum power watts

POD pulse on demand

-i
R inverse of rate gain sec

T gimbal actuator torque ft-lb
a

REPORT

DATE LED- 500 -31_30 Sept.
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TNAX

TRj
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SYMBOLS USED IN SECTION 5 (CONY" D)

Definition

maximum control torque

reaction jet torque

gimbal actuator velocity constant

actual weight of propellant saved

propellant required to control moment

unbalance

body coordinates

descent engine coordinates

body acceleration in X and Y directions

descent engine acceleration in X and Y
directions e e

cg offset in Y direction

required ascent velocity increment

LEM angular acceleration

control gain

gimbal angle

gimbal angle command

gimbal angle rate

gimbal angle acceleration

rate gyro damping ratio

filter damping ratio

LEM attitude

attitude command

error signal

error signal rate

modulator nonlinearity factor

sum of forces in X direction

sum of forces in Y direction

sum of torques applied to gimbal engine

sum of torques applied to LEM body

gimbal actuator time constant

Units

ft-!bo

ft,_lbo

f<,,-lb-sec

ibSo

l,bs.

fro

fro

f_/_ec 2

ft/sec 2

fro

ft/sec
• 2

rad/_ec

rad2/sec 2

tad°

rado

rad/sec
2

rad/sec

rado

rad_

rado

rad/sec

lbso

ibSo

ft-lbs°

ft-lbs.

$eco
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SYMBOLS USED IN SECTION 5 (CONT'D)

Symbol De finit ion Unit s

_ _ LEM attitude rad.

_" _ LEM angular acceleration rad/sec 2

Q3D frequency below which trim system is unstable rad/sec.

60F filter natural frequency rad/sec.

L0p frequency above which trim system is unstable rad/sec.

(.43R rate gyro natural frequency rad/sec.

O_ stabilization network zero rad.

6_ stabilization network pole rad.

5.1 - Introduction and Summary

Estimates made of the probable LEM center of gravity (cg) offset from the nomina

thrust axis have indicated magnitudes on the order of two inches for both

descent and ascent (29). At a descent thrust of 10,500 pounds and an ascent

thrust of 3,500 pounds, this offset would induce a torque unbalance magnitude

of about 1,700 ft-!bs during descent and 600 ft-lbs during ascent. The thrust

vector control problem is to compensate for these potential torque unbalances

while minimizing structural weight, propellant consumption, maximizing reli-

ability, and providing adequate maneuver control.

Some of the techniques that were considered for controlling the thrust vector

(torque unbalances) during powered descent phases of the LEM mission are:

a- use of additional RCS jets

b- fuel management

c- gimballed engine LEM attitude control system

d- gimballed engine trim system

Each of the above is considered in the following sections. While the techniques

a-, b-, d- can only provide torque unbalance trim control, technique c- could,

in addition, provide stable LEM attitude control and augment the RCS attitude

control system. Techniques a- and b- are briefly considered in the following

sections. The analysis of technique c- is presented in detail, and some

practical disadvantages of its implementation are discussed and illustrated.

The bulk of this chapter is devoted to the analysis and investigation of some

different possibilities inherent in technique d-.

The results of these investigations have shown that technique d- has significant

advantages with regard to weight, power, simplicity and crew safety. Detailed

studies have indicated that the gimbal trim system has superior performance

characteristics when it is mechanized as an open loop system with irreversible-

drive constant-speed actuators and with phase lead stabilization. Therefore_

the recommended trim control system, and the system employed in present control

assembly specifications, is an open loop nonlinear stabilized gimballed engine

trim system.

Since the torque unbalance magnitude predicted for powered ascent is well

within the control capability of the RCS jets, the thrust vector control scheme

chosen for powered ascent was the use of the existing RCS jets.

5.2 - Powered Descent Control with Additional RCS Jet Thrusters

The moment unbalance time history (30) indicates that normal disturbances during
_ . ,. __ i
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powered descent will be on the order of 1500 ft-lbs sand a maximum of 2200 ft-lbs
is possible.

In order to trim this magnitude of moment unbalance with RCS jets_ eight

additional jets of i00 lb. thrust at a lever arm distance of 5.5 ft. are

required. The support structures and fuel and oxidizer lines from the main
descent tanks are also needed.

From reference 30, 562 lb. of propellant would be required for c.g. trimming

during powered descenh. If a positive X-axis thrust logic (see section 5-7)

is used_ most of this propellant would provide trajectory impulse as well_

and the only additional main tank propellant requirement would be 128 lb.

If the gimba] structure weight is the same as that of the additional jets

and associated structure, this scheme would result in a net increase in weight

of 128 lb. For this reasom_ no f_rther effort was made in this area.

5.3 - _k_el Management Trim System

Another way of minimizing the thrust vector-to-c.g, offset is through moving

the c.g. by drawing upon fuel (oxidizer) unequally from the pair of tanks,

while the descent engine is firing. Thus_ the c.g. of the fuel is shifted to

compensate for the c.g. eccentricity of the LEM structure, thTust vector

misalignment, etc. This is accomplished by putting the error signal (that

wou_Id normally actuate the gimbal trim system) into a logic system that flips

various valwes on and off, shunting the maim engine propellant flow from one

tank to another.

If the fuel management trim system is assumed to be compensating for a large

c.g. offset, then fuel would be drained from one tank to the exclusion of the

other. The fuel drained from one side of the vehicle, would cause the e.g.

to move away from that side and closer to the thrust vector. Thus the torque

_nba]_nce on the vehicle would be reduced almost linearly with time. Therefore_

the Simplified dynamicresponse of the fuel management trim systemis essentially

similar to that of gimballed engine trim system with constant speed actuators

and irreversible drive (sec 5.5.2). A planar digital simulation with a

simplified representation of fuel management trim has verified the trim control

ability of this system.

Initial considerations of this system have indicated the following disadvantages

a- The pressure transients in the descent engine propel!ant feed lines

will cause the oxidizer-fuel ratio to deviate from the optimum (by an unesti-

mated m_.gnitude) thus causing increased propellant consumption.

b- To insure re]iabiiity, a multiple redundancy of valves will be required

Preliminary estimates have indicated that the resulting weight, reliability,

and power advantages wil_ not be significantly greater than (but may be

appreciably less than) the gimballed engine trim system (section 5.5).

c- Development ti_e might be excessive for this trim control system since

an ext_sive investigation is necessary to accurately determine the dynamic

stability criteria of this system.
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d- Near the end of the descent phase the fuel in one tank can be zero

while the fuel in the opposite tank is needed to trim out the system. As

this last portion of fuel is employed the system will become increasingly

out-of-trim. At best this would only waste RCS fuel. At worst it could

cause a torque unbalance that saturates the RCS jets, thus causing unstable
attitude control.

e- The unbalance correction rate capability of the fuel management trim

system is about half of what has been estimated as being desirable in any trim

system.

Because of these disadvantages, it has been concluded that fuel management may

provide at best, a very small advantage with respect to a gimballed engine

trim system_ but that more conclusive studies would possibly prove it to be

very much worse.

5.4 - The Gimballed Engine LEM Attitude Control System Analysis

Figure 5-1 represents the analytical model of the LEM with a gimballed engine

acting as a LEM attitude control system (with proportional linear servo

actuators). Force and torque equilibrium equations developed from this model

are presented in Table 5-1 (Equations 5-1 through 5-4). These equations, plus

the gimballed engine actuator servo-motor equation (Equation 5-5), form the

"LEM Dynamics" relationships that define the forward loop response of the

control system.

The feedback diagram of Figure 5-2 illustrates the system dynamics that were

incorporated in an analog computer investigation. Function switches in the

diagram emphasize some of the variations tested: attitude control, rate con-

trol, gimballed engine control, reaction jet control, coupled engine-jet

control, etc.

To facilitate the execution of a control system synthesis_ the analytical

problem was executed in two overlapping phases. In the first phase the

linearized gimballed engine control system parameters were thoroughly investi-

gated. In this phase, the gimballed engine system was considered as the sole

control, except during the very last portion of the phase where it was briefly

investigated in concurrent operation with a iinearized representation of a

pulse-modulated reaction jet control system.

In the second phase, the system equations were mechanized on analog computers

and the non-linear system performance was optimized. Among many other char-

acteristics, it was found that the high power requirements of the gimballed

engine control system actuators could be substantially reduced if lead-lag

stabilization networks were inserted within the attitude feedback loop. In

addition, it was demonstrated that the transient LEM response to attitude

commands was highly satisfactory_ with the gimballed engine control system

acting alone or acting in conjunction with the RCS.

Because of reliability, power requirements_ and weight considerations_ the

fast-response gimballed engine control system was discarded in favor of the

response gimballed engine trim system soon after the analog studies were com-

pleted (31). Thus a detailed explanation of the computer studies will not be

presented in this report. However, the linearized Gimballed Engine Control
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_-ABLE 5-I

GIMBALLED ENGINE FORCE EQUILIBRIUM EQUATIONS

Z FX = 0 : (% + Me ) XL + Me YCG _ : F

,, ,, ,,

= _6+F6=0Z Fy 0 : (% + Me ) YL " Me (Z2 + _e )* + Me e

ET@=O : ....{ i}MeYcGXL - MeZLYL + _L + Me[ZL(£L + Ze ) + Y 2cG

,.

- Me_e_L 6 - F_L_ = _-a + YC]GF + TRj

ZT 6 =0 :
'" + "" + Y °" __

MeZeYL - [_e + MeZe (ZL _e )] '$ + [_e + MeZe2] "_ + %_e(XL CG_})_)-'e

where :

,, ,, ,,

X =XL+ ..•.e YCG _ ,,

Ye : YL - (_L + Ze ) ¢ + _e 6

let : % + _e : ML' Me_e : Mee' Me(_L+{)-MeL

+ Me(ZL + f_ ) 2 : IL,_L + _e e +M_ (% + _e):[e e e leL

+_ 2 = I
e e e e

F

0

T+YcGF+TRj

(I)

(_)

(3)

(_)

(_)
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FIGURE 5-1 GIMBALLED ENGih_ PLANAR FREE-BODY DIAGRAMS.
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analysis is presented in the following pages. This analysis defined the basic

system stability criteria, which was later verified by computer studies.

5.4.1- D_ _"cat'.on of _:h:z L:_( :'_ ....... _ L _.... '.... _"_,...... v,,_: .,.._ _. an,,, ..r Function -

Engine Control Only)--In performing the l'inearized analysis, equations 5-i

through 5-5 are operated upon in the following sequence: Ycg and TRj are

set equal to zero. The solution of X from equation 5-1 is inserted into

equation 5-4 to form equation 5-4A. Equation 5-4A is subtracted from equation

5-3 to form equation 5-3A. Equation 5-5 is subtracted from equation 5-4A

to form equation 5-4B. Thus, written _ in operator and matrix notations,

one obtains:

MLS2 -MeLS2

-MeL s2 ILS2

M S2 -I S2
ee eL

M S2+F
ee

-IeL $2 + F_L(I+ ¢)

K

IeS 2 + vS + FZL ('_-_--+ .c

F_ L

Y 0

=0

!
i

_6c

(5-2)

(5-3A)

(5-_B)

where: = E

Now, let

allal2al3

a21a22a23

a ia 2a
3 3 33

i
=O
i

And let A =

allal2al3

a21a22a23

a31a32a33

= S4(B2S2+BIS+_o)

_he fundamental forward loop transfer function of the linearized gimballed

engine control system can now be represented as:

alla121 _%s 2 + a )
-EM a21a221 o

A
82(B2S 2 + BIS +B o)

_ _ K| J'__l_ f" Jzt'r'| ! j_
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While this transfer function is in straight-forward polynominal form, the

coefficients of; the polynominals are complicated functions of the system

parameters. In an attempt to simplify these coefficients, they were expanded

in terms of the system parameters. Numerical values were substituted for

fixed parameters (masses, inertias, etc.)and the variable parameters (thrust,

masses, inertias, etc. ) were evaluated at extreme values.

Two operational conditions were analyzed to bracket the extremes of operational

range: orbit insertion at minimum thrust and touchdown at maximum thrust.

An inspection of the numerical Contributions of the various parameters to the

magnitude of the coefficients led to the conclusion that the transfer

function could be represented as,

_(MLIep2 +M#_L)
= (5-6)

, IeL )_8C $2{ IeMLILS2 + VMLILS + MLIL(KM - F_L 1-7

where the coefficients are numerically accurate within about five percent°

Making the following substitutions,

F_L 2 _ (i IeL
_ = IL ' _o = ' _ = - a_---- ) ' _H = KM_

leL

(5-T)

_ ' v
% = =-- %_-__ _=--¢0 , , • •

I v I
e e

one obtains the final form of the linearized gimballed engine control system

transfer function:

L .... ( 5 -8 )

)is2 + i + l
%



When the forward loop transfer function, Eqlation 5-_j _is substituted into

a simplified feedback Jiag_a_ as shown below:

$

The following open-loop transfer function is obtained:

fb
--=G _

Ce _S 2

s2)( )---_ +i s-A--+ i
_o R

S2 S )
+ + i

%% %

If it is assumed that _L << _ then the open loop transfer function may be
written as :

* The inequality constraints presented in the succeeding pa_es will indicate

_he feasibilit_ of this assumpbicn.
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-_e =G ' z S

(5-9)

The root locus of this transfer function is sketched in Figure 5-3. It can

be seen that this system will be stable for all gains if the following

inequalities are satisfied:

5.4.2 - Derivation of the Transfer Function Parameter Constraints

In the derivation of equation 5-8 from 5-6, a parameter _ was introduced_

which actually is the constant in the quadratic polynomial denominator of

equation 5-8. This constant may be negativ e or positive. Since equation 5-8

will soon be shown to incorporate the major dynamic characteristics of the

open loop gimbal!ed engine control system transfer function_ a negative
will provide a pole in the right half plane of the oPen loop transfer function

Thus for stability purposes _ should be positive. Moreover, it will be seen

that stability of the control loop is enhanced by maintaining sufficiently

values of the quadratic denominator singularities, and therefore_ keeping

as large as possible. Because of these constraints, it may reasonably be

specified that

#_" oR _--<<l= I, KM '

Note that the transfer function gain ( _ ) and the (tail-wags-dog) LEM zeros

(gOo) are functions of numerically pre-determined system parameters.

The parameters CX and COo are determined by the structure and operating charl

acteristics of the LEM. Control system optimization must evolve around these

parameters. The following defines the variation extremes of these parameters:

Orbit Insertion, Minimum Thrust :

F_ 1000 (lbs) " 2 (ft) = O.1/*rad.
= -Y-- = 20,000 (lb-ft-sec 2) Ls_--T72_./

{ (lbs) " 2 ft
z_ 1,o9o ( )

G)o : I-_ : 40 (lb-ft-sec 2)

(5-10A)

Touchdown, Maximum Thrust :

O( = F_ _ i0_000 (ibs)" 5 (ft) = 5.0 a_s_'2 )
i lO,OOO(lb'ft-seo2) ' "

REPORT NO. LED- 500-3 11
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_ rad.60° = F_ = i0;000 (ibs) 5 (ft) = 35(s__. )
40 (ib-ft-sec 2)

(5-1oB)

Thus, if IeL = 40 (lb-ft-sec 2) and O(ma x = 5.0 (rad/sec 2)

then, for stability, KM >704 leL : 200 ( ft-lb___[.) (5-1oc)

Since

6_max
= 35 tad. irad.)

sec. ' _OOmin = 7.1 _s-_.

•; R << O00min = 7.1 @ad/sec)

O3L >7 R << 7.1 (rad/sec)

We may assume that

i.O_ R >_0.5

.'. we can state that, roughly_

K-M = _JL" "o(rad'_v -5 _s-g_._ (5-i1)

Also we know that v = 09H_)o = 35 rad.)le max (_" (5-12)

Therefore_ the open loop transfer function may be written as

S _

_,o.s

and the root locus may be p!otted_ as shown in Figure 5-4.

(5-13)

Also from Figure 5-4

this system is stable for all operating gains (o() within the range defined by

equations 5-10A and B when the electrical gain (G) is about 1.0. However,

the assumed break frequencies of equation 5-13 might require performance char-

acteristics (specifically_ magnitudes of power_ response rise time_ and maxi-

mum rate of motion) that are highly unacceptable. In fact, the results of

computer studies (31) have indicated that reasonable performance characteristics

result in a system that requires special circuitry to maintain stability over

all operating gains and compensate for the destabilizing effects of system

nonlinearities. V
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5_4 [3,'Gimbailed Engine 'Actuator Performance Constraints

At this point the actuator response requirements will be related to the

previously-derived system stability requirements. From equation 5-12,
for Ie = 40 (ib-ft-sec2),

V _ 1400 (ib-ft-sec) (5-1_A)

Applying the above inequality to equation 5-11,

7 00( ) (5-14B)

Equation 5-14B, being the more stringent, would pre-empt equation 5-IOC as the

performance requirement.

To develop the actuator response requirements, we will consider the "open loop'

actuator characteristic. Rewriting the actuator equation,

KM (&-_) -_T = Ta

Because of the relative magnitude of LEM inertia to gimballed engine inertia,

T a _ Ie

KM(_-_) -v_ = - Ie_

or Ie_ + _ + KMg : K__

Or, in operator notation:

(K--_s2+ v__ s + i)& : &KM

Thus, the "closed loop" actuator characteristic is

g !

and the "open loop" is

KM/v

&e s (IeS + l)
v

( whe r e

or

_e:_<-_" )
: KWv

A (_ s + l)
v
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However, the linear open loop gain eft he ac_;,3ator,KM/v = Ga, has been numerically
defined by equation 5-11, and the linear open loop rise time constant (rise time

to a steady state velocity), le/v = _a, has been defined by equation 5-12. In
order to minimize the actuator power consumption and performance requirements,

it is necessary to minimize the actuator gain and maximize the actuator time

constant. Thus for minimum actuator power and maximum control stability, (within

the constraints of the previously defined stability inequalities)the actuator

open loop (linear) transfer function may be written as

5.o (5-15)
S

The non-linear actuator characteristics are represented by a saturation velocity,

l_l_X , and a saturation torque, IT_^_ From equation 5-15, the steady-

state saturation velocity may be written as

The non-linear saturation characteristics of the gimballed engine control system

cannot be completely determined from the linear stability-requirement inequali-

ties. Thus, the level of error signal input at which the actuator response will

saturate will be defined as 6"e_N where

_L_ = -'71_ImAx (5-16)

We will assume that a minimum linear range of control must be defined with

respect to the t 6 ° nominal gimballing range. The results of analog computer

studies have indicated the desirability of a linear range magnitude of a few

degrees. The following linear range will be assigned:

_eu_ = 3 .00

I_]N_g = 21"5°/see" = 0.375 (tad/see)

Moreover, applying equation 5-16 to equation 5-5 at _ = 0

= = = (5-6)

Applying equation 5-12A to equation 5-6:

7200 (ft-lb_ .0o _[rad.
IT4 x .---Y-,tad " x 3 x I-T_-o

= 540 (ft-lb)

V

_==_
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J

Since the actuator power requirements can be expressed as:

ft-lb (_ (tad. )p(t) = T(t) ( rad )X -sec.-

P

= T(t) _ (t) ( ft-lb .)
sec.

and, T(t) = Tma x (i -

1 _ max": Pmax = -I_ Tmax

Assuming a thrust-pivot misalignment of ¼"

TTPM l • •- _ (in.) i0,500 (ib) ! (ft)
12 (in) = 220 (ft-lb)

Assuming a c.g.-pivot eccentricity of 3 inahes, engine weight of 400 Ibs, LEM

acceleration of i g.

• 1__i)
Tg = 400 (Ibs) " 3 (in) " l(g) 12--_) = i00 (ft-lb)

Assuming miscellaneous restraints such that Tmisc = i00 ft. lb.

then Tmax I = Tmax + TTPM + Tg + Tmisc

itotal -- 540 + 220 + I00 +iO0 = 960 ft-lb

Pmax ¼ x 96o(ft-lb)x .375(rad/seo)

90.0( ft-lb .)
se¢

or Pmax _ 12@ watts per actuator (assuming perfectly efficient actuators)

5.4.4 - Stability Criteria Summary

The linearized system open loop transfer function is:

_u mm |_l m_JH_

DATE 30 Sept.'64 GRUMMAN AIRCRAFT ENGINEERING CORPORATION
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We

fb

S2 S

(_ + _) (-_- + _)

(s__ + i) (s + i)
00L

where :

leL

:I-7' #

60.
=|±eL _ v _ I-'-_]

6_)H>> 60L

and 0.i g _g 5.0 (rad/sec 2)

7.1g _._35.0 (rad/sec)

For stability
( ft -ib

KM>', 20o " rT" or, B_--l

R << Womi n = 7.1 (rad/sec)

W L _>R (rad/sec)

WH 7> Womax = 35 (rad/sec)

Assuming: I.o >_ R >. o.5 _ra_/sec)

$o W L >i 5.0 (rad/sec)

v >_ 1400 (ib-ft-sec)

Assuming:

_ 1.0,

(ft -ib ]
2, KM >. Vmi n COLmin = 7200 "r--r-_."

_H = I/_

Assuming:

g 1/35 (sec)

eli _ -- 3.o(°)

v
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then Tma x >i 540 (ft-lb)

max 2i.5°/seo.

For a thrust-pivot misalignment of ¼", an engine c.g.-pivot eccentricity of

3 inches, etc.

Pmax _122 watts output per actuator

5°k.5 - Evaluation of Actuator Response Requirements

It should be recognized that the actuator performance constraints for system

stability must be satisfied while complying with LEM weight and power allotment

constraints. A dynamic torque capability of 540 ft-lb will more than double

the torque requirements with respect to static considerations, which is not

desirable. A response time constant of 1/35 second, in all directions and

for extreme s6atic unbalance conditions, may be difficult to provide. Output

power requirements_ of over 120 watts per actuator_ are very high.

These requirements may be relaxed to a great extent, but only by compromising

control system stability. It is conceivable, however, that by restricting the

at+_itude control system performance requirements, a lower performance gimbal

servo system might be successfully employed (31).

5.4.6 - Simplified Gimballed Engine Control System Transfer Function Derivation

The final result of the linear analysis stability criteria was the development

of a feasible forward loop transfer function for the gimballed engine LEM

attitude control system. This function was developed from an inclusive free-

body diagram planar representation which provided a five-parameter _trix of

differential equations. This matrix was subsequently simplified to a three-

parameter matrix for linear analysis purposes.(Section 5.k.l) The linear

analysis resulted in a complete gimbal-control-inertia transfer function for

the entire gimballed engine LEM attitude control system forward loop. A

numerical evaluation of parameter magnitudes then led to the conclusion that

the transfer function could be represented by a limited number of significant

parameters. A stability criteria investigation indicated further constz'aints

on the parameters, enabling further simplifications.

However, because of the lengthy (but rigorous) analyT.ical path employed to

reach the final transfer function, an appreciation of the physical origin

of some of the basic dynamic characteristics has been sacrificed. To rectify

this situation, the open loop transfer function will be re-derived in a. much

simpler manner by making all the simplifying assumptions initially (using the

results of the rigorous development as justification).
.,

To analyze the stable gimballed engine trim system as an attitude held device

within the RCS deadzone, we can neglect the RCS. Thus; the assumed attitude

hold system is as illustrated in Figure 5-5. AssumiDg the gimballed engine

mass and inertia characteristics to be much less than the rest of the T._M,

then the actuator torque can be expressed as:

 FIDENTIAL:-
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O_

I

>

p,G_ 121

T = Ie_ = KM( 6 C " 8) - v6

Where the actuator open loop transfer function is

S(I S + v)
e

and the closed loop actuator transfer function is

I

__e S2KM + S+I

Let _L " V ' O_L_ _ :
I I
e e

A_suming o_ >> o_

1

(s + i)(s_i_+i)

From the simplified body dynamics illustration, Figure 5-6, assuming the

gimballed engine inertia is not negligible, the following torque equilibrium

equation can be written:

IL_ = FZa + T

but, T__ I
e

IL_ = F _6 + 1 6e

U
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Figure S-5A Gimballed engine attitude control loop

/

_)(_ +_)(_

Y
w

Figure 5-_BGimballed engine attitude control loop with_/$cand @/6 transfer

functions inserted
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Thus: = (19 S2 + FP. )

_" IL $2

z F_ F_
Let too - , O( =

le !L

S2
then _ : _ ( + i)

; s2 2
60o

and -_- into the attitude hold system
inserting the transfer functions @C

cf Yi_z:_e 5-5 results in the system of Figure 5-6. The open loop transfer

f,_nction of this system is :

S2
_( i) S__ + (-T- + i)_o 2

= G

;C S2 ( S___ + i) ( S___ + l)
&0L C0H

This is the same equation previously derived for Figure 5.3 (equation 5-9)

wi_h the rigorous analysis (For /3= 1, the usual assumption).
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5.5 - Closed Loop (Feedback Stabilized) Gimballed Engine Trim Systems

5._.i - The Necessity of Integral Compensation

It must be recognized that, in general, a feedback stabilized gimballed engine

will not satisfactorily null the LEM torque unbalances for acceptably small

attitude errors. In order for the feedback stabilized gimballed engine systems

to adequately satisfy both criteria, an integral compensation network is

generally required. This is as true for fast-response feedback stabilized

gimballed engine LEM attitude control systems, (discussed in the previous

section) as it is for the slow response feedback stabilized trim systems

discussed in this section.

Briefly, this requirement is due to the fact that the steady state LEM attitude

control system transfer function (for LEMattitude "output '_'to torque-unbalance

"input") is inversely proportional to the steady state trim control system

transfer function. The steady state transfer function of a feedback stabilized

trim system is a simple gain, of a magnitude determined by system stability

requirements. If this gain is sufficiently large, then the attitude error will

be adequately small for maximum expected torque unbalances. In general, it

is not sufficiently large and integral cc_ensation must be employed.

(Note that the steady state transfer function of an open loop trim system is

a simple integrator and the steady state attitude error for a torque unbalance

input is then zero. Thus, an open loop trim system does not require integral

compensation.)

In the preliminary stability analysis of a trim control system, there is little

loss of accuracy in neglecting the existence of a required integral compen-

sation network. After the basic stability requirements have been defined,

the system can be easily re-evaluated to include the dynamic effects of

the integral compensation. The compensation network can usually be tailored

to provide suitable performance with a minimum effect on control system

stability.

Thus, the integral compensation was neglected in the previous presentation

of the gimballed engine LEM-attitude control system, 5-4, although it was

naturally incorporated in the more extensive analysis and stability opti-

mization studies that had been performed. For illustration purposes, it

has been included in the following analysis presented on the linear-actuator

feedback-stabilized trim system, 5.5.2. However, it has been neglected in

the analysis presented on the constant-speed actuator feedback-stabilized

trim system, 5.5.3, because it would appreciably complicate the equations

and presentation without providing any significant information for the

purposes of this report.

5.5.2 - Linear (Proportional) Servo Actuators and Engine-LEM Inertia Coupling

When the fast-response gimballed engine control system was discarded because

of the advantages of a slow response trim system, one of the first trim

REPORT NO. LED-500-3
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systems to be investigated was the closed loop (feedback stabilized) type.

In these initial investigations, it was assumed that proportional linear

servo actuators could be used, and that inertia coupling would still exist

between the gimballed engine and the LEM structure.

Thus, the same equations developed for the analysis of the gimballed ergine

LEM attitude control system could be used to investigate this type of trim

system. The major difference between the two systems is that the trim

system requires a much lower gimballed engine maximum velocity_ and a much

lower sat_aration error signal. This naturally results in a much lower

activator power requirement for the trim system.

An example of this trim system, applying the gimballed engine I_M attitude

control equations of Section 5.4_ is presented below and illustrated in

..ig_.e 5-7.

le t R = 0.5"(1/sec) YeLIN = 0.i (o)

= 1/35 (sec) _ max = 0.2 (°/sec)

v = Ie = 40 (ft-lb-sec 2)
1/35 (sec) = 1400 (ft-lb-sec)

mr: S.O .(r d/sec)

K m = vC0 L : 1400 x 5.0 = 7000 (ft-lb/rad)

COH = 1/'7' = 35 (rad/sec)
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_n

!

Tmax = 0.7

required for
control stability/

7000 (ft-lb) x .1 (o) x

0.7

= 17.5 (ft-lb)

Tmax (total) = Tmax (static) + Tmax (dynamic)

= 43o (ft-lb)

Pmax - _ Tmax max = _ x 430 x 0.2 x i_

crt-lb-- .375 -s-_gg--

= .508 (watts)

,rad, 40 (ib-ft-sec 2)

= 1 - 5.0 _se-g_c_ _6oo (rt-zb)_min = 1 -C_ma x x Km

= i 20O i i
7000 35

@

tl

Integral

Z_ Compensation
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k

As the value of the integral break frequency ((_) is raise_ the integral

compensation becomes more rapid but the trim system becomes more unstable.

A magnitude of (_ = 0°! should provide satisfactory integral compensation

without appreciably deteriorating trim control stability.

_ examination of the root locus diagram of this transfer function (Figure 5-8

w_]_ suffice to prove this system stable for a!] operating gains, for
G, = C .i

_..5.3 - Constant Speed (Full-on) Servo Actuators and irreversible Drive (No

Inertia Coupling)

Tra_e-off studies between proportional servo actuators and constant speed

actuators have proven the latter to have significant advantages in terms

cf weight and reliability. In addition, the slow response of a trim-

gimba]led system, and its low power requirements, enables the use of an

irreversible worm gear drive in the actuator. Thus, the actuator can

rotate the engine, but engine cannot rotate itself against the actuator

(via inertia forces, thrust misalignment, etc.). This irreversibi!ity

acts as a safety feature, holding the engine fixed even with a power-off
failure at the actuators.

Because of this irreversibility, no appreciable dynamic coupling exists

between the rigid LEM structure and the gimballed engine. Thus, in a

planar amalysis, the LEM can be represented as a simple inertia, as has

been done in Figure 5-9. In this diagram the constant speed actuator

is represented by a relay in series with the usual linear actuater (open
loop) transfer function.
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In Figure 5-10, the system has been reduced to an analytically equivalent

configuration with the non-linear actuator characteristic replaced by its

describing function_ The open loop transfer function of this system has been

employed in the root locus diagram, Figure 5-11. Note that the system is

unstable at low gains, but stable at high _ains. Note also, that for a given

system gain (6 _)_ the root locus gain ( 46 _/_A) is inversely proportional

to perturbation amplitude (A). Thus, for any given system gain, there will

be a maximum perturbation amplitude above which the system will not converge.

Now in order for this to be a satisfactory system, the operating roots should

be stable for all system gains. In order to investigate this system, the

following assumptions will be made:

KR = 2.0 (sec), 8 = 2.0 (°/sec) , T = 0.1 (sec)

Thus, the open loop transfer function can be written:

2 ) $2g, + 2S +

AS 3 S
(_-_ + i) AS 3 i_ 0 + I)

4
Where g ------8 otG(°/sec3)

But (O.I) _<_ _<

(Orbit Inser. Min. Thrust)

(5.0) , (1/sec 2)

(Touchdown, Max. Thrust)

@G=I

l;I S-2+ ]I L316FS2 i] 4 6 G 0255(°/sec 3)• 2s+ +2 (316)s--+, :
I.1 .316 "n
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Figure 5-9 Feedback stabilized Gimbal Trim System (GTS) with constant

speed nonlinear servo actuator.

Open loop transfer function:

......... s2 +KRS +i ]

IrA s (Ts +
where = FL/I

Figure 5-10 Analytically equivalent feedback stabilized GTS with describing

function nonlinearity.
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Figure 5-11 Root locus for closed loop gimbal trim system with constant

speed servo actuators and irreversible drive
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These two root loci have been plotted in Figure 5-12. It can be seen that

at orbit insertion minimum thrust, the system is stable for error perturbation

amplitudes A sine t such that i
-_a 3, or A g0.33 °. Moreover, at larger

amplitudes_the system will diverge with very low frequency oscillations; f _.3/27_

(cps). Ho%_ver, at these amplitudes and frequencies the stable RCS control

will predominate, and the gimballed engine control characteristics may be

neglected. Similar reasoning may be applied at the other operating extreme;
touchdown at maximum thrust.

5.6--Open Loop Gimbal Engine Trim Systems With Constant Speed Actuators and
Irreversible Drive

_.6.1--Uncompensated (Unstable) Trim Systems

_l--Intr0duction--The _nherent simplicity and reliability advantages of

the constant speed actuators over proportional actuators, of irreversible

drive over reversible drive, and of open loop (non-feedback) actuator control

over closed loop (feedback stabilized) actuator control, have resulted in the

selection of a gimballed engine trim actuator which is a constant-speed,

open loop actuator. Figure 5-13 represents this type trim system for the LEM,

for single axis considerations and neglecting high frequency dynamics. This

trim system operates in parallel with the reaction jet control system.

However, to investigate the control performance characteristics of the gimballed

engine, we may neglect the RCS and represent the constant speed actuator

characteristic by a describing function (as in Figure 5-14). When the root

locus of this system is sketched as show_ in Figure 5-15, it can be seen by

inspection that it is unstable at all system gains. Thus, this open loop

trim system is a destabilizing influence on the LEMattitude and the RCS must

be employed to maintain stable attitude control.

Therefore, this trim system will cause the RCS to use propellant at a much

higher rate during powered descent than during the coasting descent phases
when the trim system is not operating. One way to reduce this undesirable effect

is to reduce this unstable trim system gain. The basic gimballed engine torque

gain is directly proportional to the gimballed engine rotation velocity, the

the engine thrust level, and the gimbal-pivot to LEM- c.g. distance. Of

these parameters only the gimbal rotation velocity can be designed to fit

control requirements, and the assumed gimbal velocity of 0.2 degrees per

second is about minimum for adequate trim characteristics.

Another way to reduce the trim system gain is by putting a dead-zone in the

input signal line to the trim system. At perturbation signal amplitudes within

the dead-zone the trim system has zero gain. In general, the optimum trim

system dead-zone is about the same magnitude as the RCS dead-zone. At this

value of gimbal dead-zone, the gimbal trim system gain (for LEM perturbation

amplitudes within the RCS dead-zone) is very low and the RCS propellant

(required to compensate for the unstable trim characteristic) is minimal.
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A high rate feedback also helps the RCS propellant consumption. As can be

seen from the root locus diagram, higher rate feedback gains (KR) make the

unstable root locus run closer to the j_ axis, thus decreasing the phase

margin of instability at the low frequency L_M perturbation amplitudes. Thus_

the RCS need compensate for a lower margin_ or gain, of instability and uses

less propellant.

Note that this trim system can never provide stable attitude control no matter

how high the rate feedback gain. Note, a!so_ that the gimballed engine trim

system cannot work with a pure rate-error-feedback input signal for the

following reasons: The trim system must null quasi-static torque unbalances.

For quasi-static torque unbalances, the RCS will hold the LEM at a quasi-static

attitude error_ with zero average attitude rate. Thus, the gimbal trim system

signal input must contain attitude error information for the trim system to

work at reducing the quasi-static torque unbalance.

Because the RCS propellant consumption is of major importance, and because

this propellant consumption during the powered descent phase (for a specific

type of unstable trim system) is strongly influenced by the RCS modulator

characteristics, these modulator characteristics must be considered in detail.

Thus, the following discussions in this section will consider the optimum

trim system deadzones (for minimum RCS propellant consumption) for various

RCS modulator characteristics.

5.6.1.2 - Nonlinear (RCS) Pulse-Ratio Modulators It has been shown (32) that

a nonlinear pulse ratio modulator is required during powered ascent for minim_n

propellant consumption. Naturally, it would be desirable for simplicity and

reliability if this same modulator could be used for all other phases of the

mission, including powered descent. Figure 5-16 presents the RCS propellant

consumption figures for attitude holding during all of powered descent_ for

various values of trim system deadzones and two values of rate feedback.

The primary tool used in determining the propellant consumption figures was

a digital program that was written especially for these investigations.

The propellant consumption figures were obtained by inserting the vehicle

characteristics at orbit insertion, maximum thrust_ into the computer program.

A large transient was introduced to prevent the possibility of low-propellant-

consumption oscillations if multi-stable l_mit-cycle regions existed. After

the transient had decayed and the system was perturbating in a stable limit

cycle_ the RCS propellant consumption rate was calculated. This rate of pro-

pellant was assumed for two planes of control (X-Y, X-Z) and was multiplied

by 600 seconds, a nominal powered descent period.

At low trim system deadzone levels, the system continuously perturbates and

the gimballed engine puts a dynamic torque unbalance on the LEM, but the

average torque unbalance is zero. At large trim deadzones; the RCS holds the

LEM attitude error within the trim system deadzone and the LEM attitude is

quasi-static. Maximum RCS propellant consumption levels can then be estimated

with simple equilibrium equations.
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Note _hat for the nonlinear modulator with a 0.i degree deadzone, the trim

system deadzone must be set greater than 0.2 degrees before the system

becomes statically stable.

Note, also, that although the propellant consumption drops as the trim system

deadzone approaches the statically stable condition, it cannot be pushed too

close to this condition because propellant cons1_tion can be much higher in

the static mode. Thus, even with a rate feedback gain of 2.0, the propellant

consumption figure will be about 30 pounds.

_.6.1._--Linear Pulse-Ratio Modu!ators--?r_e low duty factor of the nonlinear PRM

for small amplitudes decreases the relative gain of RCS loop compared to the

trim loop, which is a destabilizing effect that causes larger amplitude

oscillations and increased fuel consumption. We will now consider the linear

pulse-ratio modulator which offers a higher RCS gain at small amplitudes.

Figure 5-17 is a plot of maximum powered descent RCS propellant consumption

versus trim system deadzone. _ese propellant cons_ption levels were obtained

by inserting the orbit-insertion, maxim_mu-thrust LEM characteristics into

the computer program. The resulting rate of propellant consumption wzs considered

for two planes of control and then multiplied by 600 seconds, a nominal

powered descent time estimate.

The upper graph enables a comparison Between two rate feedback gains, 0.8 and 1.5,

for the pu!s_-on-de_mnd IPOD) type of pulse-ratio modulator ( a modulator

that resets the off-integral whenever the input signal = O).* It can be seen

that the higher rate gain decreases the propellar_ consumption. Note, however,

that the POD switch-line characteristic makes it mandatory to avoid a trim

deadzone that is appreciably larger than the RCS deadzone. O_ the same graph,

however, a non-POD modulator _alculates off-integral first when input signal

first exceeds zer_ with a rate gain of 1.5 is plotted. It can be seen that the

non-POD modulator enables larger trim deadzone values since the statically-

stable switch-line is further within the modulation region. Also, a comparison

of figures 5-16and 5-17 show the reduced fuel consumption obtained with the

linear P_RM.

Because of potential operating characteristics during powered ascent, the

non-POD modulator appears to be the more desi_%hle (section 3). Thus,

the powered descent propellant consumption characteristics of the non-poD

modulator have been investigated in i_arther detail. The lower graph compares

the non-POD modulator at a rate gain of 1.5 to the same system with a rate

gain of 2.0, both systems with orbit insertion, maxim_nu thrust characteristics.

Note that the higher rate gain costs less propellant. Also, the propellant

consumption of a non-POD, rate gain 2.0 is plotted for hover maximum thrust

characteristics. Note that there is little difference of rate of RCS propellant

consumption between orbit insertion and hover, at maximum thrust.

See Section 3.3.4.4 for a further ex]planation of" moJ_l_tor characteristics.
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>.6.1.4--RCS Deadzone Variation--When it is observed that most previous investi-

gations assumed that the RCS deadzone was O.1 degrees, and that substantial

advantages are achieved with higher deadzones, the question _f what happens to

RCS propellant consumption at higher RCS deadzones becomes significant. An

indication of the trend of this variation may be obtained from Table 5-2.

TABLE 5-2

Gimbal Trim System Propellaut Requirements

RATE GAIN = 2.O NON-POD MODULATOR

RCS

o.3oo

o.3o5

o.31o

o.315

o.32o

DZ = 0.300 °

SAT = 0.800 °

Descent

Propellant Consumption

22

19

18

Ii

(Static)

RCS

O. iOO

o.Io5

O. iiO

o.i15

O.120

DZ = O.iOO °

SAT = 0.600 °

Descent

Propellant Consumption

15

14

12

9

Static

_.6.1._--Results--This analysis has shown that, with the uncompensated trim

system, RCS propellant consumption for attitude-hold during powered descent

may be held within 20 pounds only if the following minimal criteria, which

are estimated to be unattainable, could be satisfied:

(a) The rate feedback gain is at least 2.0 (Preliminary vehicle handling

data indicates that lower rate gains might be mandatory. Prime

and abort guidance factors will also require a lower value.)
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(b)

(c)

The RCS-to-trim system deadzone tolerances are within 0.005 degrees

(attitude error) of the nomi_l. (This might be an unrealistic

design criteria.)

A linear pulse ratio modulator is used (This requires switching to a

norlinear pulse ratio modulator for powered ascent).

(d) The nomir_! RCS deadzo_ie is not much more than about 0.i degrees.

(For many other system considerations, it is desirable to increase
the RCS deadzone as much as possible. Pre!imir_ry guidance consider-

ations indicate that an RCS deadzone of 0.2 or 0.3 degrees will be

acceptable.)

It is further assumed that _ _i_ __ p_op_±_a_ ....slosh and elastic structure coupling will

provide negligible effects on RCS propellant conscription. This assumption is

required by the iL_itation of these pre!imirary analyses which only considered

a rigid LEM. However, prelLminary slosh consideraticns indicate that slosh
will not increase the RCS prcp_l_a_/_ _<_:_ption during powere_ _es_;nt w_ th the

-_ncc_msated trim system.

5.6.2--Phase-Lead Stabilized Trim Systems

5.6.2.1--Linear (Dipole) Stabilization--As was previously shown from Figure 5-15,

the basic open loop trim system always acts as a de-stabilizing influence on

the attitude control, _ncreasing the RCS rate of propel!an_ expenditure. Thus,

to minimize RCS propellant usage, a tight tolerance must be maintained between

the gimballed trim system and RCS deadzones. Moreover, to hold the RCS pro-

pellant within 25 pounds, a linear P_M must be used during powered descent.

However, since a norHinear PRMmust be used during powered ascent, a PRM

characteristic switchover _ust be mechanized.

Alternatively, if the g_balled engine trim system is stabilized, no RCS

propellant will be employed (for attitude holding), no tight deadzone ratio

need be maintained, and the nonlinear PRMmay be employed during all mission

phases. The insertion of a phase-lead network in series with the trim system,

as illustrated in Figure 5-18, will enable the trim system to _ct as a stable

attitude control system within a specific _nge of perturbation amplitudes.

Note that at system gains below a certain level the system will be unstable

below a frequency U_D, and at system gains above a certain amount the system

will be unstable above a frequency u_. However, the describing function

representation of the actuator nonlinearity has sho_i that the system gain is

inversely proportional to the amplitude (A) of the perturbating error signal.

Th_us_ at any given control gain (_)there will be minimum stable amplitude at

which the system will perturbate at a frequency _p_ and a maximum stable

amplitude above which the system will diverge at a frequency c_D. The only

remaining problem is to define an adequate range of gains over which the system

must be stable for satisfactory perfcrmance.
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The control gain _ is directly proporgi6nal to main engine thrust, engine-pivot-

to-LEM-c.g, distance, and inversely proportional to vehicle inertia. Main

engine thrust variation is from i0,000 pounds to 1,000 pounds, a range of i0.

Engine-pSvot-to-LEM-c.g. distance varies from about 2 feet at orbit insertion

to about 5 feet at touchdown, a range of 2.5. LEM inertia varies from about

20,000 slug-ft 2 at orbit insertion to about i0,000 slug-ft 2 at touchdown, a

range of 2. Thus, the control gain range of _ is about 50 to I. Therefore,

at the minimum, the root locus stability region must be stable over a 50

to i gain change.

Suppose we now consider an open loop trim system with linear phase lead

stabilization. A reasohab!e frequency variation between the actuator time

constan_ and the rate feedback g&in constant is 20 to !. We will be optimistic

and assume that 30 to i is achievable. Suppose we assume a lead-lag stabil-

ization network of 30 to i break frequency ratio, at the same frequency of the

rate and actuator time constants. (This, also, is a rather extreme design.)

A root locus plot of this sort of system is presented in Figure 5-19. It

can be seen that this system is stable for a gain ratio of about 30 to i.

Thus, linear network phase-lead stabilization of the open loop trim system

is, perhaps, in@eresting, but of doubtful practical advantage because of the

50 to I gain variation of the trim control system operating characteristics.

5.6.2.2--Nonlinear (Relay) Stabilization--Because the gimballed engine trim

system employs constant-speed actuators with, essentially, relay operating

characteristics, it is possible to put a relay-type nonlinearity in the

electrical input to the actuators without affecting their mode of operation.

Consider, for example, the normalized trim control system with a certain type

of nonlinear stabilization, as shown in Figure 5-20A. As shown in Figure

5-21, this stabilizing function, for a sinusoidal input, has an output orly

between 0 and _/2, and between _ and 3_/2. Thus, the describing function

of this nonlinearity has a 45 ° phase lead as shown in Figure 5-20B. It is,

therefore, possible to write the open loop transfer function of this system

as shown in Figure 5-20C. Note that the actuator time constant has been

expressed as a multiple of the rate feedback constant, R.

The root locus of this system has been plotted in Figure 5-20D for a frequency

variation between the actuator time constant and the rate feedback oonstant

of i0, 20, and 30. Note that, for a variation of 30, the system is stable

from a gain of about 3 to i000, a range of over 300 to i. This is about ten

times the range of the system with linear network phase lead stabilization.

Suppose we consider a system where the rate feedback gain (I/R) equals 2.0

and the actuator time constant is i/i0 of a second. Thus, the frequency

variation is 20. As shown in Figure 5-20D, the stable gain range for this

frequency variation is from 3 to 300. Thus, for stability:

3< _
AR 3

< 3OO
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But, _ = F % 6

I

Thus _ < A <
300 IR3 3IR 3

Let, 6 = 0.2 (°/sec), i = Kr 3 = (2.0) 3 : 8.0 (sec 3)
_3

•. 1.6 (°sec2) F__ < A < l'6(°sec2) F__

300 I 3 I

The associated perturbation period can be determined by:

WR 2wK R
2nf = 2_w = RW R =-_- ... P =

P KR

4_

_: KR=2o (sec) "'"P=w-_

4w < p<qn = 8.4 (see) ,o,S_= iF Y75 for stability.

At orbit Insertion, Minimum Thrust:

F : looo (Ibs), _ = 2 (ft), I = 20,000 (ib-ft-sec 2)

= i ). f! (l°°°O--i_: o._ (
i 20,000

for stability

REPORT NO. LED-5OO-3

DATE 30 Sept. 19gi_RUMMAN AIRCRAFT ENGINEERING CORPORATION

iI ! ]



PAGE 150

(]
O
c_

_O

C_
U1

_o

P4

_o

". 0.00053 ° < A < 0.053 °

But, "@e = A Sin 2_
P

0.00053 °o Sin (_-._-f_-)< _e < 0.053 ° Sin (_)

i_ = i0,000 (ibs), _ : 5 (ft) ,

(lo,ooo)(_J!£ = _o-7_,ooo).... 5,o ( )
I see

I = lO,O00 (ib-ft-sec 2)

• _nt • 7o 2wt• o.o2_° si_ (,o.--_< ee< 2. si_ (ZI_._)

5.6.2.3--Mechanization Concepts fen Nonlinear R__la_)oSt_bi!_zation--Whi!e it

has beem demonstrated that this particular nonlinear phase lead compensation

will stabilize the trim system, it must also be shown that a mechanization

of this function is feasible and practical. In considering the mechanization

aspecto the system illustrated in Figure 5-22 has been employed. Note that

,Ise is made of the error signal and its derivative• 0rdinarilyo derivative

r_tworks are not particularly use_l because of the high distortion and noise

of their outputs• However, there are three reasons to expect no significant

performance deterioration from this aspect for this system:

(a) The mechanization employs only _i_ information from the derivative

network output, Thus, amplitude distortion has little effect on

performance.

(b) Derivative network cutoff frequencies may be as icm as 20 radians

per second, providing a distinct limit to the noise and distortioz!
output.
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(c) The slow response actuator will act as its own low-frequency filter.

It will be unable to respond to high-frequency transients and noise

signals.

A compensation logic truth table is presented in Figure 5-22A. Large values

of D are desirable (as will be discussed in the following section) and finite

tolerances on_a_are quite acceptable.

_.6.2.4--Maximum Stabilization--Note that it is not necessary that the trim

control system provide attitude co_zcergence to amplitudes very much smaller

than 0.I degrees. 'l_us, for error signals below 0.i degrees, the trim system

does not require attitude information from the stabilization network. Suppose

the Schmitt Trigger Deadzone (D) is not infinitesmal. _nen, for perturbation

amplitudes below the deadzone level (D), the stabilization system would pass

through only error rate (@R) information. _us, the stab!lization describing

f ctio provide9O0 p aselea at amplitudes(f eI< dead,one)
and 45 ° of lead at the high a/_plitudes (@e > deadzone).

The describing _netion cf this ncn!.inearity has been fou_nd to be

j <A)
_ A IV I-D/A

whera: D = deadzone

Thus_ for A m D

A = perturbation amplitude

J(A) = 4 e j90°

_A

_A

The root locus of the trim system with this stabilization network has been

presented in Figure 5-23. Note that the minimum stable amplitude for any mission

phase is about 0.5 degrees and that the system ren_ins stable at very low

perturbation amplitudes.

>.7--Ascent Thrust Vector Control--It _s been estimated that the mean torque

unbalance on the LF_M during powered ascent will be 250 ft-lbs, about the Y and

Z axes or 500 ft-lbs, about Y or Z axis. Both these levels are well within

the ii00 ft-lbs control (pure _. coup_ej tor_le capability of a single pair of
th__so vector control will not beRCS jets, and therefore additional means of _ '_

required during powered ascent. However, approximately 170 Ibs. of propellant

will be required to control these torque un_balances (see section _.5) and a

REPORT NO. LED-500-3 __N_

DATE 30 Sept.'64 GRUMMAN AIRCRAFT ENGINEERING CORPORATION
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control logic which will yield useful _V from this propellant is desired.

If only those Jets which add impulse parallel the main engine are selected

(plus-X logic) it will only be necessary to fill the main tanks with the

required propellant for AVminus the amount required for moment unbalance

control. The equations which determine the propellant saving are:

l°ge o

no moment moment unbalance exists

unbalance

(i)

let A = - I)IF (2)- m B =Fm +

ml _i _ Dl_2

then
A log M o = B log M o (3)

M I M 2

and (B-A) log M + A log M I
log M 2 _ o

B (4)

and

Wa = WRC s - go(Mi - M 2) (5)

Substituting the parameter values tabulated in Table 5-3 which are typical

of the LEM vehicle, a propellant saving of ll2 lbs. is provided.

However, with this method, only main tank propellant will be consumed for

the trajectory impulse when there is no moment unbalance and therefore the

main tank contingency propellant allowance will have been depleted by the

amount of propellant saved using the plus - X jet select logic during powered

ascent. The RCS propellant n6t used because of the absence of mcment unbalance

will serve in place of the used main engine contingency propellant.

In the presence of moment unbalance, no main tank contingency propellant

will be**burned because of the assistance to the main engine of the plus - X

RCS thrust. However, in the event of an RCS jet failure, pure couple logic and

the main engine contingency propellant will be used (112 !bs.). ,
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It should be noted that the plus -X logic method of control provides

Ii00 ft.-ibs, of control moment about a single axis (which is the same as

pure couple logic) but only provides 770 ft.lbs, about an axis 45 degrees

from the Y and Z axis. For unbalance moments about this axis, only half the

control provided with pure couple jet, is available. However_ this will

be adequate for the currently expected powered ascent moment unbalance.

Therefore_ it can be concluded that plus -X logic RCS control be used for

powered ascent thrust vector control.

TABLE 5-3

A = 9760 ft/sec

B = 9684 ft/sec

M o = 240.84 slugs

M1 = 121.27 slugs

WRC S = 133 lb. (obtained from reference)

go = 32 ft/see 2

REPORT NO. LED- 500-3 _C0_
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5.8--Conclusions--The recommended torque unbalance trim system for powered

descent_ and the one incorporated into the control assembly specifications

at this time, is the open loop gimballed engine trim system with nonlinear

phase lead stabilization.

Linear phase-lead stabilization was rejected because of its inability to

provide satisfactory compensation through the descent stage range of inertias

and thrust levels. Uncompensated (_ustable) trim systems were rejected in

favor of the stabilized trim systems. The uncompensated trim systems cause

an increased RCS duty factor and propellant expenditure during attitude limit

cycles because they induce a de-stabilizing influence on the attitude, it

has been estimated ( _ 32 - ) that an uncompensated trim system would

cause the expenditure of an extra 45 to 75 pounds of RCS propellant in

addition to increasing the number of operating cycles of the reaction jet

thrusters, and would require tight tolerance levels for the actuation signal

response.

Closed loop trim systems were rejected because of their inherent dependence

on the reliability and accuracy of feedback sensors, and the additional

complication of required integral compensation.

Proportional gimballed engine actuators were rejected in favor of on-off

irreversible drive actuators, which have superior reliability weight, and

power consumption factors. For the same reasons, a fast reponse gimballed

engine LEM attitude control system was rejected in favor of a slow response

gimballed engine trim system, and other trim techniques (fuel management_

addition RCS jets, etc.) were rejected in favor of the gimballed engine.

Because of the structural geometric constraints on the ascent stage confJgurs-

tioo, ascent thrust vector trim techniques of engine gimballing and fuel

management can be readily proven impractical. However, the predicted torque

unbalance magnitude during powered ascent is well within the control

capability of the RCS jet thrusters. Thus, the existing RCS jets will be

employed for powered ascent thrust vector control.

REPOR_LED- 500-3
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ATTITUDE CONTROL WITH GUIDANCE FEEDBACK
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Symbol

A

B

e

e

fp

fo

F

G

I

K

KR

,g
r,

m

M

P

t

TRC

T U

Tw

X,Y_Z

Z

SYMBOLS USED IN SECTION 6

Definition

accelerometer constant

accelerometer damping coefficient

modulator input signal

attitude error plus integral compensation

pulse repetition frequency

minimum pulse repetition frequency

reaction jet thrust

integral compensation gain

vehicle moment of inertia

combined reaction jet and modulator gain

rate gyro gain constant

attitude feedback gain

accelerometer distance to c.g.

reaction jet moment arm

accelerometer pendulosity

vehicle mass

limit cycle period

time

reaction jet torque

unbalance torque

pulse width

spacecraft axes (See Figure 2-1)

Z axis acceleration

' ;'*C,E i_8

Unit s

ft/sec

ft-lb-sec/rad

tad

rad

pu_lses/see

pulse s/se c

Ib

-i
sec

slug-ft 2

ft-lbs/rad

sec

ft

ft

ib- sec2/rad

slug s

sec

sec

ft -ib

ft -ib

sec

ft/sec 2

mEPO_ LED- 500-3

DATE 30 Sept. 1964

GRUMMAN AIRCRAFT ENGINEERING CORPORATION
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SYMBOLS USED IN SECTION 6 (Continued)

Symbol

d

o< t

r

o<t

@

@,

@c

Y

2"c

Definition

lead network constant

thrust to mass ratio

earth g' s

attitude error

attitude error rate

vehicle attitude

quantized attitude feedback

attitude command

vehicle attitude rate

pendulous accelerometer time constant

lead network time constant

forward loop deadband

Units

ft/sec 2

ft/sec 2

rad

rad/see

tad

rad

rad

rad/sec

sec

sec

tad
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6.1 - Introduction

In all previous analyses and discussions the effects of guidance attitude

:feedback on the attitude control loop were neglected. Some of these control

problems are considered herein. They are:

a) Control of attitude errors generated during powered ascent due to

c.g. offset (integral compensation).

b) Thrust vector control by abort guidance during powered ascent

(pendulous accelerometer).

c) Attitude control by use of a quantized attitude feedback signal

(strap down gyro _aidance feasibility study).

Ea:.h o:f the above is discussed separately_ in detail_ in the :following:

6.2 - Integ_'al Com_ensatipn _ Abort Guidance Law)

D_'ing the powered ascent phase of the LEM mission_ the ascent engine

thrust ax_s will remain fixed with respect to the LEM "X" body axis.

However_ even if the thrust axis is perfectly aligned with the "X"

body axls_ the probable c.g. offset will produce a substantial thrust-

induced torque on the vehicle. The RCS cannot counter-balance this

torque without causing small quasi-steady-state LEM attitude errors

on the order of a few tenths of a degree. Since this level of attitude

error must be reduced, to meet AGS T I Compensation Law requirements_

_ntegral compensation (16) is required for powered ascent when using

the AC-S for guidance.

A block diagram of the planar LEM attitude control system is presented

in Figure 6-1. Without integral compensation (switch open; Figare 6_i),

a steady torque unbalance (Tu) will produce a steady state vehicle

attitude error (gss) given by,

Tu + _O_
gss - K

where K represents the linearized RCS gain andS3- represents the deadzone.

With integral compensation (switch closed)_ the steady state attit,_de

error is zero.

While integral compensation will provide the desired attitude error

magnitude during the powered ascent phase_ it would be desirable to

know that this integral compensation does not deteriorate system

GRUMMAN AIRCRAFT ENGINEERING CORPORATION

REPORT NO. LED-50C _3

DATE 30 Sept. !Q_4._
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performance during other phases of operation, thus precluding the

necessity of special switching. Therefore, the effect of integral

compensation on RCS limit cycle characteristics during the coasting

phase was considered.

Figure 6-2A illustrates the LEM attitude error (6) as the RCS con-

strains the attitude within the error deadzone limits (±Y[). The

integral compensation will operate on this error signal to produce

an output (E/s) as shown in Figure 6-2B. The maximum value of the

output _ _ ) of the integral compensation can be calculated:

_P/4 P14

Ai_ = G _ E(t) dt = Gi_ t dt
0 _0

_ G_ t2 IP/o4= __ = G _ p2/32

2

But 4 = 4 /p

.'.z_fl:n oP/8

Inspection of the input to the RC_Figure 6_C, shows that to avoid

deteriorating the limit cycle_

Thus GP
-8-<<l

For the same reasons the maximum absolute rate of change of GE should

be much less than the rate of change of 6. _-

i.e. d IGE t2 ]dt _--

t : P/4

Thus GP << i

This last criteria, being the more stringent, would control. Therefore,

in order to insure no deterioration of the RCS duty cycle by the

integral compensation during coasting, the limit cycle period (P)

must be

P < _ 13.3 (seconds)

if the integral gain is 0.3.
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TABLE 6 - i

SYSTEM CONSTANTS

K = 138,000 ft-lb/rad

Case @ T(ft/sec 2 ) IT(Slug-ft 2 )

i) Hohmann 13.7 18,700
orbit

2) Hover 5.3 i0,000

3) Liftoff 14.6 2,800

4) Burnout 30.0 2,-100

Navigation base

K@ =i

Kr(sec ) X c.g. (in) _(ft)

O.5 187 -9.25

O.5 212 -7.15

0.2 245 -4.42

0.2 245 -4.42

X = 298"

• /_ = -X + Xcg
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An integral compensation gain of 0.3 was selected as providing

reasonably rapid error compensation without causing unacceptable

phase lag. This error reduction time constant of 3.3 seconds will

cut attitude error to 40_ in 3 seconds, and 5_ in !0 seconds.

The ascent coasting phase limit cycle period of rotation for±I/iO °

deadzone under consideration is about 3 to 6 seconds, depending upon

the axis. When the deadzone is increased to _ 5° for minimum pro-

pellant consumption, the limit cycle period is measured in minutes.

Limit cycle periods are substantially longer during the descent

coasting phase, but powered descent phase limit cycle period is only

one to three seconds (self stabilized trim system). Therefore, if

integral compensation is required to reduce the steady-state attitude

errors during the thrusting ascent phase, it must be inoperative

during the coasting phases of ascent and descent. It is also

desirable to have it inoperative during powered descent since the

gimbal trim system will remove any attitude offset during powered

descent and since integral compensation is destabilizing.

Therefore, if AGS tolerance limits for vehicle attitude bias errors

are smaller than can be achieved with the uncompensated control system,

it will be necessary to use integral compensation during ascent

thrusting. This compensation network must be switched out for all

coasting flight phases and descent thrusting phases.

6.3 - Pendulous Accelerometer Study (TI Abort Guidance Law)

For accurate control of the LEM trajectory in the abort guidance

mode, information as to the relative positions of the controlling

thrust vector and the vehicle body axes is required. If the thrust

vector is misaligned_extraneous accelerations, which would induce

position and velocity errors, will be introduced. A pendulous

accelerometer (17) (18) has been considered for use in the Abort Guidance

System (AGS) in order to correct for thrust vector misalignment when

using the TI guidance law.

The method previously considered for correction employed a lateral

accelerometer. This method generated a single correcting signal

(assuming a constant error), and all errors accruing after this one

correction would remain within the system. The pendulous accelerometer

has the capability of monitoring both "Z" and "X" acceleration, thus

continuously measuring any thrust vector offset angle.

Steady state attitude errors due to the thrust vector not passing

through the vehicle C. G. have not been included in this analysis

be cause I

a) the pendulous accelerometer feedback has no effect upon this

steady state angle.
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this error willbe eliminated through the use of integral

compensation as described in section 6.2.

It is also assumed that operation will occur in the linear region of

the RCS.

Four distinct phases of the mission have been considered --- Hohmamn

orbit, hover, iiftoff and bo_nout (the attitude control system is

shown with accelerometer dynamics in Figure 6-3). For all four cases,

the pendulous accelerometer, which will be mounted on the navigation

base, is above the vehicle CJZo This configuration could lead to

possible instabilities_ and therefore, the values of accelerometer

constants which are necessary and sufficient to guarantee stable

operation must be determir_d by analyzing the open loop transfer

function.

The open loop transfer function can be shown to be (from Figures

6-3 and 6-4).

x (;" + Is 2)
o_- (_ + _rs) +_- is _ T (-fs _ )

where K _ linear P_M gain.

_ pendulous accelerometer time constant (17)

- B/mY'_t'

B _ accelerometer damping coefficient

m_' -----accelerometer pendulosity

o<t '

_t -

earth g's

thrust to mass ratio-- T/M

The first order lag representation of the acce!erometer is due to

the assumption that it will be more than critically damped. Re-

arranging equation (6-1) we get,

K (_ + AKr) 2+ s [ -(---AK_--+ K-r-T/-M-Z) I + --KA-T-/Ms __ _+ _r_____2__._ __ + AErGH =
A! 2

(6-z)

(6-2)

1 T
where _ZY_' = (6-3)

32.2 M

and A = 32.2 B

m_ ( 6,-4 )
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Figure 6-5 Pendulous accelerometer root loci
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such that T can be expressed as A .

If we define the follwoing quantities

Z-=_ +KrA

K*-= KZ/IA

A

we can express equation (6-2) as follows,

GH = K*
s2 + Ms + N

2
s (s + t01) (6-5)

The characteristic equation (i + GH) of the system can now be determined,

and its roots checked to determine system stability. The equation is,

s3 + (K* + a_l)s 2 + K'Ms + K*N -- 0 (6-6)

Necessary conditions for stability require that all the coefficients of the

characteristic equation be of the same sign. Since Z is the only quantity

that can be negative it can be seen that,

K* + _i > 0 (6-7)

because K*M and K*N are positive definite. Substituting system parameters,

the following restriction on accelerometer constant A is obtained_

_r - (6-8)

Considering the four cases as presented in Table 6-i_ the following

restrictions are placed on A.

a) case i A > 14.8

b) case 2 A > 13.54

c) case 3 A > 20.6

d) case 4 A > 19.8

To test the sufficiency of the above values, consider the Routh array of the

coefficients of the characteristic equation,

s3 l
2

s K* + _i
i
s _(_?..+,_l)_(_:_M),_- _*_

K*+ OJl

s° K*N "

K*M

K*N

0

We get(K*+ Wl) (K'_)-K'N> 0
I II 1 "_'' I
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Substituting values_:or the constants and simplifying we get,

(A + Kr T/M) (KZ + IT/M) > KcIAT/M (6-9)

but, Z = _ + KrA and K8 = I. Therefore, in order for Z> 0

A->_t_% (6-10)

_ne value of A given by equation 6.-8 _s less than the value given by equation

6-10. By making 6-10 the governing equation_ stable operation is guaranteed

because from 6-9 we have,

IAT/M + [KrKZT/M + AKZ + IKr (T/M) 2] > IAT/M (6-11)

is necessary and sufficient. Therefore_ %he values of A for the four

cases considered are,

a) case i A _ 18.5

b) case 2 A > 14.3

c) case 3 A > 22.1

d) case 4 A > 22.i

A r,_ct locus sketch of the system shows the responsiveness of @ to a @_ and

input signal. For a 8 command, _i is a closed loop zero (Figure 6-_a).
C

Z_'_ closed loop pole and zero can be seen (Figure 6-5a) to be almost equal

making the residue of this pole approximately zero. The dominant poles are

therefore, the complex pair. The accelerometer has, therefore_ relatively

little e,ffect on the response of@ to a 8_ input. To see the effect of a Z

command on 8 we refer to Figure 6-5b. T_ere is no pole in the open loop feed-

back path to become a zero in the closed loop system. Thus, the real operating

point becomes the dominant pole.

A parametric study to show the position of the roots of equation 6-6 as "A"

varied was performed. The system time constant was assumed to be entirely

due to the real pole, while a damping coefficient was calculated for the com-

plex 9cots. Figure 6-6 represents a graph of the system time constants and

the minimum damping available in any of the four cases as functions of the

accelerometer constant A.

_ne pen_lous aecelerometer was proposed to provide continuous correction for

errors induced due to thrust vector misalignment. A range of accelerometer

constants has been determined which will provide adequate system response and

also guarantee sufficient damping. An accelerometer eonstnat between 50-150

is recommended for fast system response in high T/M phases (cases i_ 3 & 4)
and sufficient damping (_ > 0.4).
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6.4 - Quantized Attitude Feedback (Strap-down Attitude Reference Feasibility

Substitution of a quantized feedback signal (20) in place of the continuous

attitude feedback signal for attitude control (Figure 6-7), in conjumction with

a lead network to generate rate information3 was studied. The use of quantized

attitude informa_on in conjunction with continuous rate feedback was also

considered (Figure 6-9).

Three different levels of quantization were considered in this study to

represent varying coarsness of attitude information (0.01, 0.03 and 0.08

degrees). The effect that quantization has on transient response and limit

cycle operation of the system was investigated by means of an analog

simulation. A PFM as shown in Figure 6-8, which yields limit characteristics

identical to that of the PRM was used. Different values of fo were used to

satisfy moment unbalance requirements for various values of inertia, and the

effect of fo on limit cycle operation was noted.

It would be expected that the effect of quantization on transient response

would be dependent upon the ratio of transient size to quantum size. The

effect of quantization is expected to be negligible if this ratio is greater

than I0. An example is shown in Figure 6-10 in which a i0 mr. transient step

response is shown with and without quantization of 0.52 mr. (0.03 deg.).

The ratio in this case is approximately 20:1 and the system behaves as pre-

dicted. For transients at least this large, it was found for smaller

inertias, that for any of the three quantization levels considered, transient

responses very similar to the continuous attitude case were produced.

Time histories showing the effects on limit cycle operation of a quantization

of 0.03 deg. are shown in Figures 6-11 and 6-12. Both continuous and

quantized limit cycle attitudes are plotted in the figures in order that a

comparison can be made. It should be noted that the quantized limit cycle

frequency and thereby fuel consumption is higher than the continuous system

in both cases. Also noted, primarily in the large inertia case (I = i0,000

slug/ft2), is that spikes generated by the lead network initiate premature

reaction jet firings. The effects of quanta size on limit cycle frequency

are summarized in Figure 6-13a.

It w_s established by an additional case (I 2000 slug-ft 2 anf fo = 50 PPS)

that large increases in limit cycle frequency are produced by a combination
of three effects which are:

a) quantization of attitude information.

b) use of lead network to derive rate information from quantized signal.

c) use of PFM with large fo.

If any of the above effects is missing the large limit cycle frequency will

be reduced. The effect of fo is clearly shown in Figure 6-13a while

Figure 6-14 shows an improvement in limit cycle frequency, is obtained by

substituting a continuous rate signal (Figure 6-9) with KR = 0.4 sec. for the

lead network. When I = i0,000 slug-ft2 and fo = 50 PPS with continuous rate;

a marked decrease in limit cycle frequency to a value below that of I = i0,000

slug-ft2 and fo = 6.7 PPS with rate generated by lead network (Figure 6-13b)

is obtained. The use of a PFM with large fo is precluded when a PRM is

used for attitude control.

..o.,OATE 30 Sept.

GRUMMAN AIRCRAFT ENGIN[[RING CORPORATION



PAGE 1.7A

It is evident from the above that quantization levels of up to 0.08 deg. can

be tolerated without substantially affecting transient response for the range

of inertias considered and that it is possible to utilize quantization values

of at least 0.03 deg. without a great penalty in limit cycle propellant con-

sumption provided that a continuous rate signal is used.
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GRUMMAN AIRCRAFT ENGINEERING CORPORATION

REPORT NO. LED-500-3

DATE 30 Sept:. 1964



" ,A_ ±75

/

/
/

//'

,/
/

.//



PAG, 176

Figure 6-9 - Quantized attitude control system with continuous rate feedback
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SYMBOLS USED IN SECTION 7

Definition

vertical acceleration

thrust delay
d_ension!ess ratio

ir_ut to PRM

saturation input to PRM

force on ith
body in XA direction

.th
force on m body in YA direction

distance from bottom of tank to li_id surface

distance from bottom of tank to pendu!'_m surface

distance from bottom of tank to rigidly-attached

mass

effective inertia

inertia of body "i" about its cg

inertia ratio

open loop gain

effective rate feedback gain

structural spring rate

PRMlinear gain

operating gain

rate feedback gain

geometric dimensions

mass of ith body

liquid mass

liquid mass of full ta_k

sloshing mass

rigidly-attached mass

describing function gain for PRM

any integer from-_ tc c_ th
ratio of the distances from i open loop

pole and zero to ith closed loop pole

tank radius

geometric dimensions

torque applied to ith body

descent engine thrust

maximum avaiiable reaction jet torque

reaction jet torque as a function of time

OA,E 30 Se]
GRUMMAN AIRCRAFT ENGINEERING CORPORATION

U_it s

_/ 2
f_/ sec
sec

rad.

tad.

!bs.

ibs.

ft.

ft.

ft°

slug-ft _

slug- ft 2

_! 2rai_ sec

see

ibs/ft

ft-lbs/rad

sec

ft.

slugs

slugs

slugs

slugs

slugs

inches

ft.

ft-!bs

ft -!b s

_ _-!bs
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XiA

YiA

Xi _ Yi

XI_ YI

XR' YR
X

R0

1

7
_P.

i

6

_ci

T

Tp

rZ

%

%

%

%
%i

%i

0

i

2

A

B

C

i

SYMBOLS USED IN SECTION 7 (cont.)

Definition Unit s

position of body "i" measured in XA direction ft

position of body "i" measured in YA direction ft
th

body fixed coordinates to i body ft

inertial coordinates ft

relative coordinates ft

static deflection of reaction jet cluster due

to descent engine thrust ft

angle of departure from the ith open loop

structural pole ra_

mass ratio none

dimentionless ratio none

distance between the ith open loop and closed

loop structural pole rad/sec

relative angular displacement of the descent

engine th red

change in the i structural damping ratio none

filter delay sec

position feedback lag sec

position feedback zero sec

lem body angular position red

total feedback signal red

P_M input dead b_nd rad

uncoupled lem body torsional frequency rad/sec

body coupling frequency rad/sec

uncoupled descent engine torsional frequency rad/sec

uncoupl@d descent engine lateral frequency rad/sec

open loop coupled frequency of the ith rad/sec

natural frequency of pendulum rad/sec

thrust coupling frequencies rad/sec

open loop coupled frequency of the ith anti- rad/sec

resonance

resonance

SUBSCRIPTS

associated with reaction jet cluster longitudinal dynamics

associated with decent engine lateral dynamics

associated with decent engine torsional dynamics

associated with lem body

associated with reaction Jet cluster body

associated with decent engine body

generalized subscript and integer counting variable.
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7.1 - Introduction

All preceding analyses neglected the effects of parasitic modes on the attitude

control system. In this section effects of propellant sloshing and an elastic

airframe are considered, primarily from a stability point of view_ and the

analytical results are presented. The effect of fuel sloshing and elastic

airframe parasitic modes on the control system have been considered separ-

ately for this analysis.

7.2 - Propellant Sloshing

7.2.1 - Introduction-- The forces generated by sloshing of the LEM main

propellants can have a significant effect on the stability and control of the

vehicle. These forces are most readily incorporated into the control system

analysis by using mechanical models (19, 22, 23) which produce dynamic effects

equivalent to those of the propellants. The model parameters have undergone

several refinements before reaching their present stage. Further refinements

appear likely because the experimental sloshing tests currently being con-

ducted will probably result in some empirical modifications of the theoretical

model parameters. This is particularly true of the descent tank model, since

a theoretical hydrodynamic solution is not available for that configuration.

The mechanical models are based on linear hydrodynamic solutions for liquid

sloshing in rigid tanks. Such solutions exist for the lateral excitation of

spherical tanks (24) and flat-bottomed cylindrical tanks (25). It can be

shows that a mechanical model consisting of a rigidly-attached mass and a

series of pendulum masses will generate forces which are identical to the

sloshing forces predicted by hydrodynamic theory. The rigid mass in the

model represents the liquid which moves with the tank and thus does not slosh;

the pendulum masses represent the modes of vibration of the sloshing liquid.

Because the liquid has an infinite number of modes of vibration, the model is

theoretically required to have an infinite number of pendulum masses to

exactly reproduce the sloshing force. However, the masses associated with all

but the first mode are relatively small (less than 3% of the first mode mass)

and can safely be neglected for most purposes. The model then consists of

a rigidly-attached mass and a single pendulum mass.

The mechanical model and its parameters for the spherical ascent tanks are

shown in Figure 7-1. The model consists of a pendulum mass_ Ms, supported

at a distance hr from the bottom of the tank.

The curves of the model parameters were derived from equations for the slosh-

ing force presented in reference 24. The parameters are plotted in terms of

the non-dimensional liquid depth ratio h/2R. All curves of mass parameters

have been non-dimensionalized by dividing by MLF , the mass of the propellant
in a full tank. The frequency is given in terms of the parameter (__

where a is the vertical acceleration of the tank (e.g., a = 32.2 ft/sec2for

a tank on the surface of the earth.)
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Due to the fact that the pressures exerted by the liquid in a spherical tank act

radially, producing no moment about the center of the tank, the pendulum support

and the rigidly-attached mass are both located at the center of the tank for

all liquid levels. Any other location for the pendulum support and rigid

mass would cause a moment about the center of the tank, and would therefore

be inconsistent with the liquid behavior.

The descent tank consists of a short cylindrical section with hemispherical

caps. The cylindrical section has a length of 0.56 R. Because no theoretical

solution is available for this configuration, it was necessary to fit together

the existing solutions for the sphere and the flat-bottomed cylinder to obtain

approximate values of the sloshing parameters. The curves of these parameters

are given in Figure 7-2.

The sloshing parameter curves for the descent tank are based on a spherical

tank when the liquid level is in the lower hemisphere, an "equivalent" flat-

bottomed cylindrical tank when the level is in the cylindrical section or in

the lower part of the upper hemisphere, and a spherical tank for the nearly

_II condition. An "equivalent" cylindrical tank is a flat-bottomed cylinder

which has the same volume and free liquid surface area as the actual tank.

This "equivalent" cylindrical approach has been shown to yield a good approx-

imation to the sloshing behavior in tanks with other than flat bottoms (26).

The model parameters for the "equivalent" cylinder were taken from curves

given in Reference 27.

A single-axis, planar stability and response study of the LEM ascent and

descent stages has been conducted, assuming the models discussed above_ for

various maneuvers. Two digital computer programs which generate root locus

and time response to a unit step input have yielded information about the

stability of the control system _th propellant sloshing. In addition,

Limit cycle_ moment _alance, and step co_m_and operations have been simulated

on the analog computer.

A time history of sloshing mass magnitudes for powered ascent and descent

can be seen in Figure 7-3. For the descent stage in the hover phase, the

slosh mass peaks up to 23.7% of the total vehicle mass; in the ascent stage

the sloshing mass peaks to 22.2% of the total vehicle mass at h
- 0.5 (half-

full tanks). 2R

The root locus analysis was performed with the linearized control system shown

in Figure 7-4. The tank configurations are shown in Figures 7-26 and 7-27.

The modulator was linearized to the extent that it is treated as a pure gain,

varied to generate the root locus. The vehicle dynamics consist of the rigid

body with two linear pendulums to simulate the propellant sloshing in the

fuet and oxidizer tanks. In this planar, single-axis analysis, the vehicle

is subject to following degrees of freedom:

a) one rigid body translation

b) one rigid body rotation

c) two sloshing mass oscillations.

The roots of the LEM attitude control system transfer function with sloshing

dynamics (obtained by using the root locus program) are submitted to another
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Figure 7-26

ASCENT STAGE PROPELLANT TANK CONFIGURATION
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Figure 7-27

DESCENT STAGE PROPELLANT TANK CONFIGURATION
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digital program which computes the vehicle's transient response to a unit

step input for various gains.

An analog computer simulation was also used because it simulates the actual

vehicle control system better, and the characteristics of the Pulse Ratio

Modulator (PRM) can be represented. The PRM is governed by the equations:

Twmin =_0 w [i - x(t)] dt

Tp
Twmin Tw

where Tw__ is the minimum pulse width, x(t) is the normalized error as a

function_'_$_ time, and Tp is the pulse period;A is a parameter which varies

the off-time of the pulse period (see section 3).

The control system which was programmed on the analog computer is shown in
Figure 7-5.

The rectangular modulator pulses are adjusted by an analog thrust function

such that the thrust output behaves as the reaction control jets. Associated

with these jets is a nine millisecond delay and a five millisecond decay
time constant, which combine to mold the thrust function from the modulator's

pulse. An example is show_ in Figure 7-6.

In considering an operating gain, Ko, for digital root locus analysis, it

was necessary to assign an effective gain for the modulator. This gain was

simply the slope of the angular error (in degrees) versus normalized output
for a linear modulator (_= i).

A describing function analysis of the modulator with deadzone and thrust

saturation revealed that, for large error signals, the equivalent gain will

be much less than the nominal linear gain. Therefore, a gain of ½ the linear

gain K o has been marked on the root loci plots to show system roots equivalent

to the existence of large error signals.

7.2.2. - Stability Analysis -- The analysis of the LEM control system without

the gimbal trim loop, but including the effects of propellant sloshing

(equations in Table 7-9), reveals stable operation for most gains (Figures

7-7 and 7-12). For extremely high gains, the rigid body mode of the vehicle

is unstable if there is a zero representation of the jet delay (Figures 7-8
and 7-i!_

The two sloshing modes (oxidizer and fuel) appear in the root locus on the

imaginary axis at a frequency between 2.5 and 4.5 radians/second. The rigid

body poles can be seen curving about the rate gyro zero (_= -1.25) before

they meet and split apart along the negative real axis.

As previously noted, a more significant control system gain is one half the

operating gain (Ko/2) . For this gain, the damping ratios for the rigid

body and the predominant sloshing mode are given in the tables 7-1 and 7-2.
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TABLE 7-9

Single Axis*

Sloshing Dynamics Equations for LEM Vehicle

Vehicle dynamics :

io

MZ = Fsz i

N

I@ = T c - Fsz i XTi

Accelerations at pendulum supports:

• • •, n

zTi = z - + zTi;2

Pendulum re sponse s :

@s i + 2_s LO ni

2

• COn i ..

@s i +UO2ni @s i = _ _ ZTi

Sloshing forces (due to pendulums):

Fsz i = Msi a @si

These equations_ which represent the pitch axis, are also valid for

the roll and ascent stage yaw axes. The equations describing the

descent stage yaw motion; however_ do not require a rigid body trans-

lational degree of freedom. The effect of gimballing the descent

engine has been neglected throughout. The control system is shown

in Figure 7-5.
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TABIz 7-9 (comz_om=))

SYMBOLS USED IN TABLE 7 - 9

M

I

Z

Z

le

@, @

Tc

Fsz i

XT i

ZT i

ZT i

<
@si' @si' _Si

COn i

a

Ms i

Reduced vehicle mass (slosh masses removed)

Reduced vehicle inertia (slosh iner_ia removed)

I_M roll body axis

Vehicle acceleration in Z-direction

Vehicle rotational veloci%y and acceleration abouf_ _it?b axis

Control torque

.th
Sloshing force of the i

_h
X-coordinate of the i tank

th
Z-coordinate of the i tank

Acceleration of i th tank (i th

tank in the Z-direction

pendul_m support) in Z-dire:,_on

Critical damping ratio of sloshing modes

th
Angular position, velocity_ and acceleration of i sloshing

pendulum

th
Natural sloshing frequency of propellant in i tank

LEM inertial acceleration (thrust/vehicle mass)

Mass of sloshing _ _ _th -p_.opel_ant in I tank

REPORT NO. LED-500-3 ___
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o,5

o.4

Z_LE 7-1
DESCENT YAW AXIS

DAMPING

GAIN = Ko/2

RIGID BODY

= o.795

= 1.o15

= 1.195

SLOSH

= 0.029

: o.084

: o.o53

TABLE 7-2
DESCENT ROLL AXIS

DAMPING

GAIN = Ko/2

RIGID BODY

= 0.768

= 0.933

= i.o35

SLOSH

: o.0o42

= o.o45

: 0.049

The spread between the pole and the zero in the sloshing mode for the yaw axis

is greater than that of the roll axis (Figures 7-10 and 7-12). However, the

sloshing effect is reduced for the yaw axis because more natural damping occurs

for this case (gables 7-1 and 7-2) due to the larger pole-zero spread.

Tables 7-i and 7-2 show that the vehicle (rigid body) becomes more heavily

damped as the inertia (proportional to fluid h/2R) decreases. A comparison

of the sloshing modes of Figures 7-9 and 7-10 shows that the frequency of the

poles and zeroes drops from a range of 4.0-4.6 radians/sec, to 2.7-3.2 radians/

sec. This frequency shift is due to the throttling down of the descent

engine from 10,500 ibs. thrust to about 4,700 ibs. thrust. Although the

lower slosh frequency is closer to that of the LEM control system, the coupling
of the sloshing effects with the control system is not noticeably increased

and the vehicle stability is unaltered.

It is interesting to note the roll case of Figure 7-11 where the introduction

of a small azlount of fluid damping completely decoup!es the sloshing effects

from the vehicle control system.

I; ;II
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Inspection of the LEM ascent stage control system for the roll and yaw axis

reveals the same stability as the descent stage (Fi_ares 7-13 and 7-16). A

comparison of the sloshing modes of the two axes shows that the slosh coupling

effect is much greater for rotation about the yaw axis. Tables of the rigid

body and natural slosh damping are given below:

0.65

O.35

T&BLE 7-3

ASCENT ROLL ]kXIS

r±CMPING

+ _ Ko/C]A_N = 2

RIGID BODY

: 0.964

:  +.41o

SLOSH

0.65

O.35

T_BLE 7-_

T d .+ASCE+_ -_W AXIS

DAMPING

GAIN = Ko/2

RIGID BODY

: 0.742

: 0.960

SLOSH

= 0.0955

: 0.0512

A preliminary analog computer study of the powered-descent phase of the LEM

mission reveals stable operation in the limit cycle and in response to various

maneuvers. The gimbal trim loop, designed to null out moment unbalances due

to thrust misalignment_ was not included in the control system for most of th_s

analysis.

After an angu!armaneuver, the vehicle returns to its normal, stab!e_ single-pulse

limit cycle. However, when the gimbal trim servo loop (see Figure 7-5) is

inserted into the control system, a high duty factor limit cycle is generated.

The gimbal trim system appears to work against the modulator which fires

rapidly in opposing blocks of three or four pulses under limit cycle operation.

A proposed solution to this instability is to insert a phase-lead network into

the gimbal trim loop such tb_t the gimbal motor is actuated only when an increas+

ing error is sensed (see section 5)+ This effect will minimize gimbal overshoot

and result in more stable operation.

I or the ascent stage_ the programming of the a_iog computer is very similar
to that of the descent stage. Some parameters _mst be changed to account for

differences in the tara configuration as well as the sloshing and vehicle masses.

DATE 30 Sept. i_ ....
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This simulaticn allowed one more degree of freedom than the previous analysis.

Instead of only one lateral degree of translation, the vehicle was free to

translate in two directions. The two sloshing and the vehicle rotational

degrees of freedom remained as before.

The vehicle was found to have a stable, single-pulse, limit cycle to which

it returned after various maneuvers. Baffling of the main propellant tanks

provided damping which yielded favorable results in fuel consumption and

vehicle handling characteristics. Various non-linear effects associated with

the pendulum (slosh mode) response were investigated, but were found to have

a negligible effect on the gross vehicle properties (attitude and rate).

7.2.$- Transient Response-- Three different fluid levels were investigated

for vehicle response to a unit step rotation about the yaw axis, which is the

most sensitive to propellant sloshing. For the descent stage, the vehicle

response (Figures 7-!7, 7-18 and 7-19) shows no appeciable overshoot, partly

because the rigid body mode is highly damped (Table 7-1), and also because

the slosh and rigid body frequencies are far enough apart that the small

slosh residue has very little effect on the vehicle attitude.

Table 7-5 gives the time constant and the rise time for the vehicle at various

fluid levels.

i.O

0.5

0.4

TABLE 7-5

DESCENT YAW AXIS

TRANSIENT RESPONSE

GAIN = Ko/2

TIME CONSTA.NT

(67_ of Final Value)

i. 03 sec

O. 85 sec

O. 98 sec

RISE TIME

(9C_o of Final Value)

1.48 sec

i. 70 sec

!.63 sec

When h/2R = 0.4 (Figure 7-19), the main engine thrust has been throttled down

to less than one half its original value. Because the natural sloshing

frequency is proportional to _/_where a is the local acceleration, it moves
closer to the rigid body frequency. However, the increased coupling does not

have a significant effect on the vehicle attitude.

For ascent, the vehicle response to an angular unit step input has been

inspected for rotation about the yaw axis for two different fluid levels.

Because the sloshing frequency is very close to the rigid body natural

frequency for a gain of Ko/2 , it can be seen in Figures 7-20 and 7-21 that

despite its small residue, the slosh has a significant effect on the vehicle

attitude. It is important that sufficient baffle damping be present in the

propellant tanks in cases where the slosh mode can be excited by the rigid

body frequency.

I
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The dominant characteristics for these two cases are given below:

_._SPO_SE

h/2 

o .65

o .35

TABLE 7-6

ASCENT YAW AXIS

TRAINS IE_ RESPONSE

GAIN = Ko/2

TIME CONSTA_

(67% of Final
Value)

0.53 sec

0.50 sec

RISE TIME

(90 of
Final Value)

0.86 sec

0.91 sec

OVERSHOOT RiCiI) BODY

4.21 rad
se_

rad
5.22

sec

SLOSH

COn

3.60 rad
sec

The relatively large overshoot for h/2R = 0.65 plus the subsequent oscilla-

tions, Figure 7-20; are _le to the proximity of the slosh and rigid body

frequencies. With a small amount of baffle damping in the propellant tanks

the sloshing effect would be largely decoupled from the control system_ as

has been seen for the roll case, Figure 7-11.

7.2.4 - Method of Propellant Damping-- The existence of marginal or unstable

sloshing modes in the LEM propellant tanks would impose significant design

requirements upon the propulsion tankage and flight control subsystems.

The fluid damping which would be provided by bladders if they had been used

in the main propellant tanks does not appear adequate to preclude the

possibility of marginal sloshing stability (22). The use of anti-slosh

baffles permits great flexibility in achieving the desired stability_ and is

inherently much more reliable than the use of electronic compensation in the
control system.

The key parameter in stabilizing the coupled s!oshingmodes is the damping of

the fluid caused by the internal configuration of the propellant tank. _ne

natural damping on the propellant in a smooth-walled spherical tank of LEM

diameter is negligible ( _ < 0.005).

To estimate the damping produced by a bladder_ a review was made of available

test data on bladders in spherical tanks. A considerable quantity of test

data has been accumulated by the NASA Lewis Research Center for the damping

in spherical tanks with various fluids (water_ water-glycerin mixt_es_

mercury_ TBE manometer fluid) with and without diaphragms. Damping tests were

conducted on spherical tanks of 32-inch and 20.5-inch diameters with diaphragm_

of three different thicknesses of butyl rubber and with TBE fluid] and on

a 9.5-inch diameter sphere with diaphragms of three different thicknesses

using both TBE and mercury as fluids.

The damping ratio for a 48.8-inch sphere with an 0.01-inch diaphragm was

extrapolated from the diaphragm test data available using TBE fluids. The

effect of viscosity difference between TBE fluid and LEM propellants on

damping was then estimated by means of the test data for smooth-walled

oA,_ 30
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spheres with various fluid viscosities. The fundamental trend of fluid damping
was checked through a comparison of TBE fluid and mercury for diaphragms in

a 9.5-inch sphere. For fluid heights in the range of 0.8 to 0.2 diameter, the

damping ratio was calculated as !_ of critical ( _ = 0.O1).

The use of ring-type baffles produces a large increase in fluid damping per

unit baffle surface area. Reviews of published and unpublished data on

baffle damping in spheroids indicate that the circular ring baffle parallel

to the fluid surface is very efficient for fluid depths in the region

0.2 <h/2R < 0.8.

._t_.-Baffle Confi_ration-- The initial baffle requirements for the main
propellant tanks has been determined by Reference 28. Various control system

analyses with limited data on baffle performance have generated the following

minimum damping requirements in the ascent propellant tanks for various

h/2R fluid levels:

ASCENT TANKS: TWO,ospherical for 2R = 48.84 and a fluid wave amplitude
of 5 •

h/2R

0.2 to 0.65

0.7

0.05

0.o4

The characteristics of the individual baffles is such that its damping effect

peaks up at a fluid level just above the baffle, causing nonlinear damping

versus h/2R. Accordingly, the baffles have been spaced close enough such

that for 0.2 < h/2R < 0.7, _ _ 0.03.

Four ring baffles of various widths were selected for the ascent tanks.

Both three and five-baffle configurations were considered, but were found

to be less efficient than the four-baffle configuration.

For the descent stage propellant tanks, the desired damping was also achieved

by four baffles:

DESCENT TANKS: Two, short cylindrical section (14.28"), with hemi-

spherical caps, maximum h/2R = !.28

O.04

O.O5

0.04

O.Ol

h/2R

0.25

o.4 to o.65

0.7

1.0

for wave amplitudes of 5°.
m ,, . . . ir
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The baffle sizes and their locations are presented below for the ascent and

descent tanks:

Baffle Location

(Distance from Bottom of Tank) Baffle Width

8-318 1,-3/4"
Ascent 14- 3/8" 2

_nks 21- 1/2" , 2- l/_"
28-3/4" 2 - 1/4"

12- 3/4" 2,,- 1/8"
Descent 21- 3/4" 3
Tanks 29- 3/'8" 3"

39- _/2" 2 - 3/8"

Baffle configurations and their damping effects are currently being tested on

a full-scale slosh rig. It is possible that some empirical refinements will

be made on the present descent tank baffle configuration as a result of sloshing

tests.

The baffles are constructed of flat ring-shaped aluminum and rest approximately

0.25 inch inside of the tank surface when installed. To increase the torsional

rigidity, a tubular inset has been made into the center of the ring baffle,

such that a cross-sectional view of the baffle appears:

///j /)// / ///////3

Ta_construction of the baffle allows greater strength and less weight than

one with a rectangular cross-section.

7,3-Elastic Airframe

To determine the effects of coupling between the LEM attitude control system and

the LEM structural dynamics a stability analysis was performed. The transfer

function of the structural dynamics between applied torque, and the LEM

angular position was determined for the stability analysis. The coupling betweem

the structural dynamics and the control dynamics was determined by plotting

all the open loop poles and zeros in the complex plane. The resulting point

on the root locus is determined by use of the maximum describing function

gain for the PRM.
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The transfer function was determined from the six degree of freedom equations
obtained by assuming three degrees of freedom for the _body_ two degrees
of freedom for the descent engine (with respect to the LEMbody) and two
degrees of freedom for the reaction jet cluster (with respect to the LEM
body). The equations determined from Figure 7-22 are:

ZFBx A = MBXBA = _ KoX R + TR/2R ° + KoXRo (3)

Zrcy A = McYcA = _ K1 + Ky)Y R - (KI% 1 + K2_ 2) - Tn6 (4)

(5)

__c--TC(:_+ "_)--(K:_:+ Ky_2)Y:- (11_:2 + 12_22) (_)

o, _ o, ,o

XpA = XAA + Ro__j + XR (7)

• , ,, ,, ,,

YcA=YAA+ _ + _: (8)

Note:

X_o= :n_/:o:: (9)

M-A_s been used in pZace of _:A+ MC above for simplicity, :<m:re_A _ _:A

V
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The structural damping terms were neglected since the change in structural
damping ratio is of primary interest.

The transfer function obtained is:

S

2
+i s + i

2

(2){2)(2)i-_+ i s_%__ + i s + i2 2

(10)

where

= I + %/MA (ll)

2
% = (Kl + X2) /M 0 (12)

2 (KIZI 2 + K2_2 2) /I C (13)% =

[ ]2 )2= K1 (R-_I + K2(R-_2 )2 / IA (14)

= _KIK2(£ 1 _2 )2 / ICM C (15)

_l 4 = (KI_ I + K2_2) Tn/IcM C (1.6)

_l, 2 : (l+_)I C R.-,_I)+.:K2(R-,g 2

. (_.7)

IR = 1 + IC/I A + R2M C /_I A (18)

2

: (iA + 2_o2%)(%)/q% (19)
o
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_ln ri ii, f,,i lq'i lii_' ' _uii£ iui, ii i itlL. _ .... i

4 4
TF' : (TA + 2_°2MB)(:]:R_4+ _l - _24)I(_4 + _Z ) (20)

2=[ 2 2 -d_ 2z4(4 _ ]_l _ + _ + + _% )- + <_i ) /2
(2l)

2 = [ + _U3L -V_ + _U_L )" 4(_C4 + _fl )]U_2 eL2 2 2 2 2 4 I2 (22)

2[2 2 2+A_2 2 2)2__( 4_rR+ 4_ 4]E1 = % + _% + _ + _ + _ _l _2 ) /2

(23)

2 2 -_/uDj2 2 +_P22 2 + 8% + +,8_ L: _ _x - _x2)2_4(4IR+_14_0_24) ] I2

(24)

The overall open loop transfer function obtaJ!h,_from control s_stem block dia-

gram (Figure 7-23) is: /

/

/

/FEEDBACK DYNAMICS

I

: l ,(_)G(S) rs +I ,
i

where

Tz = Tp,

' STRUCTURAL DYNAMICS

,//I # _C_ ,.i.# I

I / I

/ ' i 04zI _2 I' -as' z ,(_s + 1)(_s + l)

le '--( S2 _I 2 _Is 2 _:Is 2 2_ i)

I 'le s2, :--__11-_-_+_7i---_+__1,/--_+-_s + (_ +__)
_% l\%. }\% /',t<%

I

2(K R + l , )
,rpo_"

(25)

(26)

(KR+_ )(1 +V7- _,)
_g

II l! I_
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If y _i.

N is the describing function gain plotted in Figure 7-24.

LEM Inertia (I
YY

TAB_ 7-7
System Parameters

a = .01 sec

eI = .01045 tad

IA = 67874 slug ft2

IC = 37 slug ft 2

Ko : 35,ooo#/#t

K1 = 1,200,000 #/ft

K2 = 276,000 #/f%

= .8 sec

_i = 1.52 ft

_2 = .29 ft

MA = 326 slugs

= .93,slugs

M C = II slugs

R = 6.3 ft

R = 5.5 ft
O

T = 1o750o #

: 1,1oo
T = .02 see

Tp = .0238 sec

= .00174 rad

_g = .7o7

_g = 120 rad/sec

touchdown) minus descent engine and two reaction jet clusters.
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CI

C2

Ix
IR

N

XRO

_0

_2

-( NFIDENT M=
,,, . m

TABLE 7-8

Numerical ,_esult s

= i. 1032 _ =

= 1.1193 T =

= .9990 _A =

= 7349.2 slug-ft 2 _c =

: 1.0656, _ % :
-: 13.4oll/seo2j %

= .7858 sec _ =

: 126,300 ft#/rad _ =

= .78 _ =

= .ooo85 ft _l =

= .82 rad _f2 =

= 3.73 tad _ZI =

= .248 rad _Z2 =

= 1.o35

.1162

.o254

73.4 rad/sec

188 rad/sec

276 rad/sec

366 rad/sec

195 rad/sec

462.080 rad/sec

80.943 rad/sec

84 rad/sec

43.5 rad/sec

456.463 rad/sec

79.570 rad/sec

* ¢ Co = -.001670

* _ Cl = +.0OO004

* _ C2 = -.001290

* These terms represent the change in structural damping ratio. To determine

the closed-loop structural damping ratio add the estimated open loop structural

damping ratio to each term. The open loop structural damping ratio should

fall in the range of .0! to .02.

It was assumed that the structural poles move only short distances (AP.) and

that they move along the departure angle of these poles (Figure 7-25), l

P. was evaluated by assuming that the distance between the open loop poles
m

and the closed loop structural poles is approximately equal to the distance

of the open loop roots to the open loop structural poles_except for open loop

roots in the neighborhood of a structural pole. The angl_ of departure (_i)

was evaluated by normal root locus techniques and _ i was evaluated from the

values of _P i and _''l

The values for _ , _Pi and _i for the various values of structional resonance

(_uming that the order along the "jw" _<is of the structural open loop roots

are as shown in Figure 7-25) ara:

R_rORT LED-500-3
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-s %o%/1 II II_I.ITI II if&

_J

a- Reaction jet cluster longitudinal resonance

= tan-l_ _ . tan-l(. _o

o Po a_po _g g

Po _

- tan-i ( Eg _Og Eg

Ao
0

z

1-_g.)
_g

(28)

2 2

+ 2_o '% (2_.g2-1)+_k)(29)

where

= -_Po cos _o/(_ ° o o_Co + _P sin _ )

C
0

2_ 2
(_o _i _o _1_2 ) N_, o

I
_ 2 , 2 2 2 i

(_ _ ) (_ -_ ) (% ,_z_P)I-7
o 2 i o i" 2 _Tp

20

2

+_o (_o)

(3o)

(31)

and KDC : NKM/I E (32)

b- Descent engine lateral resonance

! -1 "
tan -I (_

ffl= {_tan-im__a_l.ta n (_+ _PI
(33)

PI =

,

P_I_i-%1 )

l_PRl2
. 2 2

PRI sin

_i sin_i _i i
, + +

2 2

- PRI i - pR I

(34)
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_C I = _P1 c°s _i / (_i + _i sin _i )

where

CI=

Tp_ + 21 2 _ 2

(35)

(36)

PRI =

KDC__ 2_2Ci
0

_pl(_pl2 2 i i 2_ 4 +2_g2 2(2_g2_i 4-% )(_)--_-+ , ) +_

(37)

c- Descent engine torsdonal resonance

_2 ={/T-tan _J a_2-tan -I (--+ ) -tan -1
_g_ _g _:g_ _g

_Z I_ I sinc>_

PR2 (CUp- )PR2
P2 .... z -- ___

V I - PR2 r P_2 2

_C2 = - _2cos _2/(_o2+ _P2 sin c_2)

f

+ /i + pR°2 sin2_'_

i - PR2

)(38)

(39)

(4o)

where

PR2 =

2 2CKDc_% g 2
0

(41)

__'_ 2 l _p24+ 2_g2O_p22 (2_g2-1)+ O_4_(%_-_1(_) +_2 g

RFPORT

DATE

GRUMMAN AIRCRAFT ENGINEERING CORPORATION
_IIF

LED-500-3

30 Sept. 1964

V



I'K|'TI A!

C2--

2 I_ + _ _%22)( 2 2 )

+_22) 2 ( 2 2 (_ 2 )Tp( _T (_2) _1 -_2 ) _'1_ 2)(2_ 2
1:) 2

(_2)

The coupling between the attitude control system and the LEM structural dynamics

does not result in appreciable loss in structural damping. Table 7-8 is a

summary of the numerical results obtained when the system preliminary parameters

tabulated in Table 7-7 are substituted into the equations obtained by the general

analys_s presented in this _ction.!f a structural damping ratio of .01 open loop

_s assumed:the maximum loss in damping would be 16_. Therefore, an adequate

stabilitymargin is maintained.

7.4 Conclusion

The analyses presented in this section have shown that the LEM attitude control

system is stable for the vehicle and tank configurations considered. It was also

concluded that, to improve transient response damping and to reduce RCS propellant

consumption, anti-slosh baffles are necessary in both ascent and descent tanks.

Initial studies showed that the fluid damping which would be provided by bladders,

if they had been used in the main propellant tanks, would not be adequate to

preclude the possibility of marginal sloshing stability.

The amalysis performed to determine the effect of structural dynamics on the

attitude control system showed no appreciable loss in structural damping. In

fact, the maximum decrease in structural damping generated would still yield

an adequate stability margin.

The analyses presented in this section are of a preliminary nature, containing

certain simplifying assumptions. Therefore, more comprehensive analyses will

be conducted to determine the stability margins more accurately.
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